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Abstract 
Alkaline centres of the Gardar province, South Greenland, show 
evidence for subsolidus alteration of consolidated rock by associated 
metasomatic fluids. Oxygen isotopic values of metasomatised and 
unmetasomatised samples alike lie in the range 4-7%o, and indicate that 
metasomatic fluids were juvenile in origin, evolved from the silicate magmas 
themselves after final crystallisation. 
The fluid catalysed catastrophic coarsening in alkali feldspars at 
temperatures below 450°C, and at lower temperatures, also brought about 
changes in their cathodoluminescence (CL) colours, altering blue luminescing 
feldspar to a red-luminescent variant. Ratios of blue to red-luminescing alkali 
feldspar have demonstrated that up to 96% of the volume of some syenitic 
rocks have undergone rcjiiilibr?ion with the metasomatic fluid. 
Zoning of pyroxenes, amphiboles (viewed using optical microscopy) 
and apatites (seen using CL) indicates mobility in elements such as Na, Ca, 
Ba, Rare Earths (REs), Zr and HE Precipitation of small grains of fluorite, 
calcite and zeolites can be observed using CL, but are invisible to normal 
optical microscopy. The presence of these minerals demonstrates mobility in 
Ca, F, CO2. Si and Al. Interconversion of nepheilne to sodalite can also be 
observed readily under CL, due to the luminescence differences between 
orange luminescent sodalite and non-luminescent nepheline. Secondary 
sodalite is often accompanied by the precipitation of veins of fluorite. In one 
example, the magmatic Be-bearing mineral genthelvite is replaced by Be-free 
willemite, demonstrating mobility of Be. Mobilities of REs, Zr and Hf are 
controlled by the activities of possible ligand species, i.e. CO2 and F. The 
mechanisms of some subsolidus replacement processes can be modelled as 
topotactic, rather than reconstructive, transformations. 
UI 
F-contents of biotites from across the Gardar have been examined to 
determine fluorine contents of the metasomatic fluids using the method of 
Munoz (1984). Undersaturated magmas were associated with more fluorine-
rich fluids than those associated with oversaturated magmas. The most F-rich 
fluid (Late Igdlerflgsalik) contained approximately three times as much 
available fluorine as the least F-rich fluid (Younger Giant Dyke Complex). 
Compositions of fluids associated with centres across the province can 
be related to the compositions of their original magmas. Oversaturated 
magmas are associated with CO2-bearing, relatively C- and F-poor fluids with 
pHs at, or near to, neutrality. Redox potentials are relatively oxidising. 
Undersaturated miaskitic magmas are associated with CO 2-bearing relatively 
C- and F-rich fluids: pHs are significantly alkaline and redox potentials are 
more reducing than in oversaturated magmas. Agpaitic magmatism is 
associated with C11 4-bearing, highly reduced, F-rich fluids, and pHs are more 
alkaline than in miaskitic centres. 
Low redox potentials are initially brought about by the crystallisation 
of magmatic aegirine, which removes iron as Fe3+  against the prevailing 
redox potential in the magma. This process causes progressively reduced 
redox potentials in the remaining magma and its associated volatiles. Since the 
oxidation state of the evolved fluid depends on the amount of aegirine 
crystallised, fluids become more reducing with increasing silica-
undersaturation, and are most reducing in fluids from agpaitic magmas. pH 
and redox potential are related by the equation: 
CH4 +8 OH- =CO2+.6H20+8e 
Zr- and Hf-mobility are observed in some fluids if the activity of F is high 
enough, due to the formation of polyfluoro-zirconate(iv) and -hafnate(iv) 
complexes. RE-mobility is observed from all of the fluids studied since the 
activity of either CO2 or F is sufficient in all cases. 
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Preface 
The Chemical and Isotopic Nature of Fluids Associated with Alkaline 
Magmatism in south Greenland is a topic which could keep a research worker 
quiet for a number of decades, let alone the three years of a PhD. Any attempt 
to restrict such a study to the three-year PhD time limit will inevitably require 
the student to be selective about which approaches are employed, and will also 
restrict the depth to which some techniques are applied. In the course of 
preparing this thesis, I have tried to use those approaches which appeared to 
me to provide the most efficient use of the restricted time available. The study 
has used many different avenues, including solution chemistry, 
crystallography, CL-petrography, optical microscopy, stable isotope analysis 
and others. Rather than become bogged down with one technique, I have 
chosen to compare and contrast many, in an attempt to achieve a unified and 
interdisciplinary understanding of the nature of the fluids concerned. 
The project included one field season to the Gardar province (Summer 
1988), where I briefly visited and collected from the Igdlerfigsalik, llhmausaq, 
Nunarsuit and Tugtutôq centres. Other material was provided by other 'Friends 
of the Gardar'. Because the majority of material for the project was collected 
by other expeditions, the exact locations and proximity of many samples to 
e.g. pegmatites and late-stage veins were not known. 
The practical execution of this work was interrupted by a transfer from 
the University of Aberdeen (where the project was originally based) to the 
University of Edinburgh following the transfer of Ian Parsons as part of the 
UGC review programme. 
In writing this thesis, I have endeavoured to keep what I have to say 
short and to the point, without sacrificing accuracy or completeness; in 
addition, I did not think it constructive to add large appendices of analytical 
data. For this reason, I have only enclosed representative analytical data near 
V 
to the text to which it refers. The full body of data (e.g. the analyses of 
biotites) is available from the author on request. A large part of the work for 
the present project involved cathodoluminescence petrography, a technique 
involving a great deal of colour photography. Most CL-photographs were not 
reproducible in black-and-white, and hence I have included colour plates 
where possible. The comparison of hues and shades between photographs has 
been a continuous problem, since the appearance of colours often varies 
considerably between different prints from the same negative. 
At the time of writing, I was aware of the existence of a thesis by D. A. 
Rae, submitted to the University of Aston in 1988, documenting a similar 
study about the nearby North Qôroq centre. Although I knew of some of the 
conclusions from this work from a 'Friends of the Gardar' conference 
presentation by A.D. Chambers in 1988, attempts to gain access to the thesis 
proved unsuccessful. - 
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It has long been observed that alkaline magmatism is accompanied by 
evidence for the passage of a hydrothermal fluid phase away from the pluton 
into the country rocks. Brogger (1921) realised that the passage of these fluids 
brought about chemical changes as they pervaded the envelope rocks. He 
termed this process "fenitisation". Brogger's original definition was tied to the 
strict chemical changes he had observed in the Fen complex, namely an 
increase in alkalies and a decrease in silicon, but it soon became clear that 
other forms of alteration processes could occur which involved transport of 
other elements. Some authors have ignored the strict limits of Brogger's 
definition, and tented these other processes fenitisation, and as a result, some 
disagreement in the literature has arisen about the use of the tent. To 
circumvent this disagreement, the term "alkali metasomatism" has been 
variously used to describe all processes of subsolidus change associated with 
fluid phases derived from alkaline magmatism. 
In addition to changes in the envelope rocks, it has been observed that 
the alkaline pluton itself exhibits similar metasomatic textures, implying that 
subsolidus processes, akin to those observed in the country rocks, occurred 
after crystallisation of the plutons themselves. This process has been termed 
"tmetaomatism" 
Although the existence of alkali metasomatism has been known for 
some years, a systematic and detailed study of mineralogical changes brought 
about by these processes has not been carried out. Most previous studies have 
concentrated on mass balance techniques, the drawbacks of which are 
discussed below (Section 2.3). Furthermore, few studies have attempted to 
interpret the observation of metasomatism in terms of speciation chemistry 
I 
and physical properties of the fluids concerned. This study attempts to bridge 
that gap. 
The alkaline province chosen for the study is the Gardar Province of 
South Greenland, a well-exposed Pre-Cambrian rift province which enjoys a 
body of data in the literature concerning the mineralogy and petrology of most 
centres. Despite its mid-Proterozoic age, the province shows no evidence for 
post-Gardar hydrothermal or magmatic activity, and has remained essentially 
unaltered throughout Phanerozoic time. 
12 Approach Taken 
In the early stages of the present project, it was proposed to 
concentrate on the F-, Cl- and OH-contents of biotites and other hydrous 
phases in most of the centres of the Gardar province in an attempt to arrive at 
quantitative estimates ofjTHF) and JTHQ)  in metasomatic fluids, according to 
the method of Munoz (1984). However, serious difficulties with the original 
theoretical basis of the technique were encountered (see Chapter 8), and the 
interpretation of results in any quantitative sense is strictly avoided. An 
examination of biotite data, although still included, has been relegated to 
qualitative comparisons between centres (Chapter 9). 
As an alternative approach to the study of metasomatism, it was 
decided to examine differences in chemistry between "metasomatised" and 
"unmetasomatised" minerals. A crystal, or part of crystal, was only considered 
as metasomatised when textural evidence suggested unequivocally that a 
subsolidus interaction with a fluid phase had occurred. Normal optical 
microscopy was assisted in the identification of metasomatic textures by 
cathodoluminescence techniques. Detailed systematic examination of all the 
intrusions in the province was considered too time-consuming a task for the 
present study, and hence it was decided to concentrate more fully on one 
intrusion, and to make necessarily brief observations and comments on other 
Gardar intrusions in the light of this case study. The intrusion chosen for this 
detailed study was the Late Igdlerfigsalik centre of the Igaliko complex, which 
was singled out since it post-dated all major and minor magmatism in the area. 
Evidence for autometasomatism in this centre could therefore unambiguously 
be linked to Late Jgdlerfigsalik magmatism. In addition, another brief study 
was carried out on a simple stock in the Tugtutôq Central Complex. This 
stock, the BIA MAne Sø ("Blue Moon Lake") perthosite, similarly postdates all 
other activity in the area, but has the benefit of being a single, conveniently 
sized, simple intrusion with a monotonous mineralogy. This stock was 
examined to obtain an idea of how levels of metasomatism varied laterally 
across an intrusion and oxygen isotopic values were determined in an attempt 
to identify the provenance of the metasomatic fluid. Work on this intrusion 
was also extended to include an examination of the relationship between 
levels of metasomatism and microporosity in alkali feldspars. 
Although these principles were successfully applied to most intrusions 
in the province, the techniques described above had only limited applicability 
to the most alkaline complex in the province (the llImausaq complex), due to 
the extreme mineralogical differences between this and other plutons. As a 
result, the principles and observations from the less extreme centres are 
extended to include llfmausaq with an element of uncertainty. To make some 
headway with the study of metasomatism in this most extreme (agpaitic) case, 
a separate study of the crystallographic effects of metasomatism on the 
unusual mineralogy of llImausaq was carried out, notably on the effects of 
metasomatism on sodium zfrconosiicate minerals. 
In this manner, it was felt that as broad a study as possible of 
metasomatism across the Gardar would be achieved in the necessarily 
restricted time available to the study. 
1.3 Geological Selling of the Gardar 
The Gardar province is an alkaline province associated with 
continental rifling. Rb/Sr dates (recalculated from Blaxiand et al., 1978) have 
suggested mid-Proterozoic ages of between 1320 Ma and 1120 Ma. As a 
whole, the province appears to be broadly synchronous with peralkaline 
activity in North America (the Seal Lake, Red-Wine, Coppennine-Bay and 
'Keweenawantprovinces; 1280-1110 Ma; Upton and Emeleus, 1987). 
Following a reconstruction of the disposition of Greenland and North America 
in Mid-Proterozoic times (Piper, 1982), it appears further that these North 
American alkaline complexes lie on an extrapolation of J' >  the Gardar rift. 
The basement to the province is granite and granite-gneiss of the Julianehâb 
Formation of Ketiidian age (about 1800 Ma, iiotedbyM1aart,1976). 
The Gardar province is exposed in a NE-SW trending graben structure, 
running from the south-westernmost point of Greenland (Kap Desolation) 
until it is lost under the inland ice (Figure 1.1). Gardar dykes are also observed 
on Nunataqs in line with the rift axis (e.g. Upton and Fitton, 1987). The 
province is reviewed in detail by Emeleus and Upton (1976) and Upton and 
Emeleus (1987), and therefore only a brief resumé is presented here. Gardar 
activity is usually sub-divided into Early-, Mid- and Late-Gardar periods. The 
earliest activity (Table 1.1) appears to be associated with the eruption of large 
volumes ofLmostly transitional basalt, which now compose the Eriksfjord 
Formation. There remains some doubt, however, about whether this period is 
completely distinct from the formation of the central complexes, and it has 
been suggested (e.g. Jones, 1980) that in some areas the Eriksfjord Formation 
may correspond to eruptives from the earliest complexes. Later magmatism is 
demonstrated by plutons, dykes and "Giant-dykes", which are dyke-like 
bodies up to 800 m wide and can be considered as intermediate between dykes 


















_— Od.w dyke 




JUL/ANEHAB BUGT i7. 













North Qôroq 1290* 
Basic Dykes (BDO-8D3) 1250 (BDO) 
	1280±21 
































* - some doubt expressed about the reliability of these data 
Rb-Sr dates after Upton and Emeleus (1987) 
li-Pb dates: 1-Heaman, L., peis. comm., 1989 
2-Harper (1988) 
1166±1.22 
U-Pb dates are generally considered to be more accurate than those of 
the Rb-Sr system. However, the Rb-Sr data clearly demonstrate the relative 
ages of the Gardar centres. 
'fable 1.1 : Summary of Gardar Magmatism 
(depending on definition), as well as number of episodes of dyke activity 
(Table 1.1). The Giant-dykes are of special importance in studies of the 
evolution of Gardar magmas, since they show thscontmuouscompositional 
gradation from margins to centres and demonstrate the role of fractionation in 
the genesis of the salic compositions (Upton and Emeleus, 1987). As a whole, 
the province shows a continuum of compositions from alkali or transitional 
basalt to alkaline salic rocks. The ultimate parent composition is thought to be 
picritic, from which alkali and transitional basalts are derived by extensive 
fractionation of olivine and possibly clinopyroxene. Picritic dykes have been 
observed in the Igaliko dyke swarm by Pearce (1988). 
The intrusive centres comprise both under- and over-saturated 
compositions, and occasionally include carbonatites (e.g. Grønnedal-Ika), and 
ultramafic rocks (e.g. Qagsiarsuk). Strongly peralkaline compositions 
occasionally extend to extreme agpaitic compositions (i.e. Motzfeldt and 
llfmausaq). From observations in the Giant-dykes and elsewhere, it is believed 
that the generation of the evolved salic compositions of the Gardar was 
dominated by crystal fractionation of alkali or transitional basalt. Initial 
87Sr 6Sr ratios indicate varied, but consistently low, levels of contamination 
by crustal components. The genesis of the carbonatites and ultrainafic rocks is 
still the subject of debate. 
The Gardar magmas appear to have been associated with relatively 
large quantities of F-, Cl- and C-compounds while being relatively anhydrous, 
and some appear to have crystallised under low ft02)  conditions (Konnerup-
Madsen, 1984). Bailey (1987) has pointed to the role of metasomatism 
involving these volatile elements in the initial formation of alkali basaltic 
magma, and it may be that their presence in evolved compositions is inherent 
in the genesis of the province. 
WI 
Chapter 2 
Previous Research on Alkali Metasomatism 
2.1 Earliest Observations of Alkali Metasomatism 
At the turn of the century, alkaline rocks enjoyed much attention due to 
their unusual and varied mineralogy. They attracted interest from both 
collectors of minerals and geologists intent on explaining the occurrences and 
parageneses of these unusual rocks. As part of reconnaissance mapping of the 
alkaline Fen complex in southern Norway, Brögger (1921) noted the presence 
of altered envelope rocks around some lithologies in the complex (melteigites 
and ijolites). In thin section, he observed the replacement of quartz by alkali 
pyroxenes and amphiboles, and of K-feldspar by chequer-board albite. 
Furthermore, he was able to rule out from field evidence direct interaction 
with silicate magma as the source of the alteration. 
In order to explain his observations, Brögger called upon the existence 
of a fluid phase emanating from the complex. He termed the alteration process 
"fenitisation", a term which he defined as an alkali metasomatic process in 
which alkali-gain and silicon-loss is observed. Granitic wall-rocks from 
around the complex which had experienced fenitisation were termed "fenites". 
2.2 Styles and Class(flcation of Alkali Metasomatism 
Since Brögger's pioneering work, many alkaline complexes around the 
world have been shown to be associated with fenites. In addition to alteration 
around alkaline silicate rocks, the association of carbonatitic magmatism with 
fenites has been a repeated observation. In 1962, Dawson described sodium-
bearing carbonatitic lavas (natro-carbonatites) in an active volcano (Oldoinyo. 
L'engai) in the East African Rift. The absence of natro-carbonatites from the 
geological record le& to the suggestion that Na-free compositions, preserved 
in ancient complexes, arose from the loss of alkalies after emplacement of 
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natrocarbonatitic magma. This secondary loss of alkalies was linked to the 
observation of fenitisation. 
Subsequent workers have sought to subdivide fenitisation processes 
according to the levels of alteration and chemistries of the fenites. Von 
Eckennann (1948) described fenitic "grades" in the aureole around the Alno 
complex in Sweden, based on a series of petrographic and mineralogical 
observations approaching the contact of the complex. Verwoerd (1966) further 
distinguished between "sodic", "potassic" and "intermediate" fenitisation 
based on the dominant alkali metal present. Seimiatkowska and Martin (1975), 
Vartiainen and Woolley (1976) and Woolley (1982) have used a similar 
classification scheme, but introducing the terms "ulttapotassic", "ultrasodic" 
and "sodipotassic". Although sodic metasomatism is observed around centres 
of nearly all alkaline compositions, potassic alteration is exclusively observed 
around carbonatites (Le Bas, 1981). In addition to these chemical 
classifications, Kresten (1988) has differentiated between centimetre-scale 
contact metasomatism, and pervasive large-scale regional metasomatism. 
Further to processes involving just alkalies and silicon (i.e. fenitisation 
sensu stricto), mobility in other elements has been observed. Saether (1957), 
in a re-examination of the Fen complex, described the mobility of Ca, Al and 
CO2, in addition to that of Na and Si already observed by Brogger. In a similar 
study of the Alnö complex, von Eckermann (1948) noted alteration processes 
involving other elements, and like many authors broadened the term 
"fenitisation" to include all metasomatic processes, whether or not alkalies 
could be seen to be mobile. These processes strictly lie outside Brogger's 
original definition, and this has lead to much disagreement in the literature 
about the use of the term (see Section 2.4). 
In an attempt to explain the variety of metasomatic processes observed, 
Rubie and Gunter (1983) examined speciation in alkali metasomatic fluids. 
These authors suggested that a transition from sodic to more potassic alkali 
metasomatism (observed around the Kisingiri alkaline complel, Kenya) 
represented the breakdown of NaCr(aq)  and KCl°() species (characteristic of 
sodic metasomatism) into Na(aq)  and K () (causing 	more potassic 
metasomatism) at reduced temperature. According to these authors, the 
association of potassic metasomatism with carbonatites demonstrates that low 
temperature fluids are associated with these compositions. With the exception 
of their study, few authors have attempted to explain the mobility of elements 
in terms of speciation chemistry and physical properties of the fluid. 
2.3 Mathematical Models 
After the pioneering field-based studies of alkali metasomatism, 
mathematical modelling of metasomatic processes was attempted. Mass-
balance equations (Gresens, 1967) were employed to determine levels of 
metasomatism in fenites in many complexes (e.g. at Fen, Kresten, 1988). 
These equations were based on volume changes during alteration and assume 
that the oxygen framework of the silicate minerals is essentially constant 
(Barth, 1952). It should be noted that this latter assumption ignores the 
evidence for the mobility of oxygen-bearing species, e.g. H20 and CO2. 
(3resens' equation was defined as:- 
Ax1 = 100 [F,(gg)cj(b)-cj(a)] 
where Ax 1 is the difference (in g) of component i during metasomatisni 
FV  is the ratio of volumes before and after metasomatism 
g 	is the specific gravity 
C1 is the weight fraction of component i 
and a, Li refer to parent and altered rock respectively. 
The equation contains two terms which are not directly measurable 
(Ax 1 and F) and one of these must be estimated for a solution to the equation 
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to be possible. F1, can be arrived at by solving the equation for an element 
which is immobile during the metasomatism (i.e. Axj=0). From the absence of 
brecciation both regionally and on the thin section scale, most values of F1, 
can generally be seen to lie close to unity. Occasionally fenite breccias are 
observed (F>l; e.g. Kresten, 1988), and evidence has also been presented for 
volume loss (F1,.cl; e.g. Rubie, 1982). The answers from this equation are 
calculated to a hypothetical standard cell of 100 oxygen anions. 
Although this method is widely used, few authors address the 
limitations of the technique. As with all mass-balance calculations, the final 
answer arrived at depends greatly on the estimate used for the starting 
composition (Rubie, 1982). In addition, the estimate of F.,, used in these 
equations is derived from an assumption of immobility for at least one 
element. Where mass-balance studies have indicated immobility in one 
element (e.g. Al is fixed according to Rubie, 1982), other studies on 
apparently comparable centres elsewhere have suggested it is mobile (e.g. Al 
is mobile in the study of Saether, 1957). Even transport of the elements Zr and 
REs (often considered to be immobile in geological environments) has been 
described from a metasomatic fluid (Martin et al., 1978). Serious doubt has 
also been cast over the assumed immobility of oxygen (upon which the 
technique is based) by Rubie (1982) and by studies of oxygen isotopic 
diffusion. 
Given the uncertainties in the original compositions, the questionable 
immobility of oxygen, and the validity of an assumed value for F1,, the 
usefulness of mass-balance techniques is brought into question. Most 
importantly, it is the subjectiveness of the estimate of the original composition 
which undermines the technique. As is discussed at length below (Chapter 6), 
many of the cases of autometasomatism described as part of the present study 
are nearly isochemical processes, with very similar stalling and final 
compositions. In such cases, small uncertainties regarding the starting 
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compositions will have enormous consequences on the levels and nature of the 
alteration processes implied by the mathematics. The mass-balance technique 
is therefore inappropriate for use in the present study. 
2.4 Nomenclature of Alkali Metasomatic Processes 
As is alluded to above, there is much disagreement in the literature 
about the nomenclature of alkali metasomatic processes. The original 
definitions of fenitisation and fenite were constrained by Brögger to the 
chemical changes he had observed from the rocks around the Fen complex. 
Fenitisation is strictly a process of alkali enrichment and silicon depletion 
associated with a fluid emanating from an alkaline body. The term fenite was 
defined by Brogger as a fenitised granitic envelope rock, since the wall-rocks 
to the Fen complex are granites. Many alkali metasomatised wall-rocks have 
been variously described as fenites, whether or not they are considered to have 
been originally granitic. The discovery by later workers that alkali 
metasomatism did not necessarily involve alkalies and silicon alone caused a 
dilemma, and the observation that type fenites showed evidence for the 
mobility of other elements (Saether, 1957) means that according to current 
definitions, they could no longer be classed as fenites at all! 
The usefulness of Brogger's original terminology has been hampered 
by the fact that his definitions were tied to chemical changes which have since 
been superseded. The expansion of fenitisation to include alteration processes 
other than simple alkali-gain and silicon-loss is defensible, since the term was 
coined at a time when the diversity of the chemical changes brought about by 
alkali metasomatism was not fully understood. However, some authors (e.g. 
Andersen, 1989) have objected to any expansion of the definition. 
In contrast, the term "fenite" has enjoyed freedom in the literature, and 
is now used to refer to any wall-rock which has undergone alkali 
metasomatism. In tying his original definition of fenite to fenitised granitic 
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rocks, Brogger recognised that the manifestation of an alteration process relied 
implicitly on the starting composition of the wall-rock. In other words, the 
alkali metasomatism of e.g. a basalt and a granite by the same fluid would be 
observed in each case as alteration processes involving different elements. 
To avoid the disagreement over the usage of "fenitisation", many 
authors have used the broader term "alkali metasomatism". Even the use of 
this term is not without disagreement. Alkali metasomatism implies an 
alteration process involving alkalies; however, as has been shown by e.g. 
Andersen (1989), some alteration processes involve elements other than 
alkalies (e.g. Mg). Furthermore, the term metasomatism itself means literally 
"change of body", referring to chemical changes as a result of the alteration 
process. Hence, some workers require a change in whole-rock chemistry to 
have been demonstrated before the term can be used, although there is further 
disagreement about whether these chemical changes must involve major, 
minor or trace elements. Many of the processes described as part of the 
present study are almost isochemical, involving wholesale redistribution of 
elements within rocks on the hand-specimen scale, rather than their import or 
export. Strictly, these processes cannot be described as metasomatic, since 
there is no proof of bulk-rock chemical change. By the same token, the 
appropriate term for isochemical textural change is "metamorphism" (i.e. 
change of shape), a term which already has clear geological connotations, 
different to those required by the processes described here. The still broader 
term "fluid interaction" has been suggested, although this does not reflect the 
strictly defined nature of the alteration processes. 
The term "cryptic metasomatism" has been proposed for such 
processes of textural, isochemical change, although, for the reasons outlined 
above, many workers would consider the terms "cryptic" and "metasomatism" 
mutually exclusive. Cryptic metasomatism does not represent another type of 
metasomatic process; rather that the fluid and the rock are close to equilibrium 
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and hence bulk-rock changes are subtle. Despite the clear genetic similarities 
between processes involving chemical change and textural change, many 
authors would require them to be described by different terms. 
The study of the sort of subsolidus processes that the present study 
concentrates on is a branch of geology where terminology is in need of 
revision and concensus. No one term encompasses without ambiguity the 
process of textural or chemical change associated with fluids evolved from 
alkaline igneous bodies. For the purposes of the present study, the term alkali 
metasomatism will be used for all alteration processes, whether or not 
alkalies are seen to be mobile, and whether or not major, minor or trace 
element changes have been demonstrated by whole-rock analysis. if large-
scale textural changes are demonstrated, then it will be assumed that at least 
trace element chemical changes accompany this process. The term 
"metasomatism" . for this alteration is therefore appropriate. The terms 
fenitisation and fenite will be avoided; an altered rock will be termed an alkali 
metasomatised rock. 
2.5 Autometasonw.tic Processes 
Many early workers (e.g. Brögger, 1921) observed irregular zoning 
patterns in pyroxenes and amphiboles, and turbidity in feldspars in rocks from 
alkaline centres. Both of these features were interpreted as metasomatic 
alteration within the centre. It became clear that a process analogous to alkali 
metasomatism in the envelope occurred within the intrusions themselves. This 
process has been termed "autometasomatism". 
Although much literature has been published concerning the alteration 
of the envelope, a relatively small body of data exists regarding 
autometasomatism. Since the alkali metasomatic fluid and the alkaline rocks 
are closely linked, the rock-fluid system during autometasomatism is probably 
close to equilibrium. As a result, the changes observed in chemistry are often 
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subtle, although large-scale textural or trace-element reequilibriation is 
possible. Because the chemical changes observed in autometasomatism are 
often slight, mass balance techniques have not been applied to 
autometasomatic systems. Only with the advent of cathodoluminescence 
techniques has it been possible to arrive at an estimate of the volumes of rock 
involved in this process. Mariano (1976) described changes in the 
luminescence of alkali feldspars which he texturally related to 
autometasomatism. He observed that normally blue luminescent alkali 
feldspars were replaced by red luminescent metasomatic feldspar during alkali 
metasomatism. Using these luminescence differences, he was able to observe 
that very high volumes of rock had undergone alteration. 
2.6 Studies of Alkali Metasomatim in the Gardar Province 
The Gardar province displays some well-characterised examples of 
alkali metasomatic processes. Many wall-rocks to intrusions are alkali 
enriched (e.g. Igdlerfigsalik, Emeleus and Harry, 1970), and Chambers (1976), 
describing alkali metasomatism around the North Qôroq centre in the Igaliko 
complex (Figure 1. 1), showed that alteration extended up to 200 m into the 
envelope rocks. In this case, transport of Na, K, Fe, Mg, Ca, F and CO2 was 
observed. Alteration of roof rocks to the extreme llImausaq intrusion has also 
been described (Sorensen et al., 1974; Kunzendorf et al., 1982), and here 
mobility in Th, U, Zr, Nb, REs and F was important. In addition, Macdonald 
et al. (1973) have described alteration of gabbros by adjacent alkali granites in 
the KAngnât complex, where transport of Zn, Th, U, Cs, Pb, Li and Rb was 
observed. 
Fluid-inclusion work by Konnerup-Madsen (1981, 1984) and 
Konnerup-Madsen et al. (1985, 1988) has demonstrated the presence of small 
fluid-rich inclusions in quartz in Gardar rocks. These were found to contain 
carbon dioxide with an aqueous phase and some crystals. Halite (NaCI), 
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sylvite (KCI) and nahcolite (NaHCO3) have been tentatively identified among 
the solid phases. In the case of the llhmausaq intrusion (where the mineral 
chkalovite was examined), inclusions were found to contain methane, rather 
than carbon dioxide, indicating that the llfinausaq agpaitic magmas 
crystallised under redox potentials below the methane/carbon buffer. 
Konnerup-Madsens work was largely carried out on inclusions in quartz, and 
hence, with the exception Of LlImausaq, nothing is known about the 
compositions of inclusions in undersaturated rocks. Konnerup-Madsen (1984) 
suggested that undersaturated magmatism was associated with fluids of lower 
ft02) than those from oversaturated rocks by the comparison of his 
observations from llImausaq and from quartz-bearing centres. However, many 
undersaturated centres (e.g. Igaliko, Emeleus and Harry, 1970) show evidence 
for late-stage carbonate veining and graphite is almost always absent. In 
contrast, llhmausaq is carbonate free, and hence it appears more likely that 
agpaitic maginatism is associated with low oxygen activities, and that other 
undersaturated centres possess carbon dioxide-bearing inclusions of the type 
observed from inclusions in quartz. 
Cathbdoluminescence characteristics of alkali feldspars were used by 
Rae and Chambers (1988) in a study of autometasomatism in the North Qôroq 
centre. They observed that very high levels of alteration (e.g. 60%) were 
common in rocks of the centre, and related this to the volatile-rich top of the 
magma chamber. In addition, Rae (1988) used cathodoluminescence to 
identify metasomatic textures in apatites, and identified mobility in REs and Si 
as a result. 
In a number of papers, (Parsons, 1978, 1979, 1980; Parsons and 
Becker, 1986, 1987; Parsons and Brown, 1984; Brown and Parsons, 1984; 
Brown et al., 1983), Parsons and co-workers have used alkali feldspar 
microtextures to demonstrate large-scale hydrothermal alteration in the 
Kiokken syenite intrusion. They related catastrophic coarsening in alkali 
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feldspars to autometasomatic processes. Furthermore, Parsons and Becker 
(1986) have shown that in layered syenites at Klokken, vertical cryptic 
variation in mafic minerals is accompanied by variation along strike. Parsons 
and Becker suggested that autometasomatic fluids had brought about 
secondary alteration of compositions of mafic minerals, leading to lateral, as 
well as vertical, cryptic variation. 
Although alkali metasomatism has been observed to occur frequently 
in the (Jardar, it has not been possible to relate the chemistry of alkali 
metasomatic fluids to magma compositions with the exception of the 
connection between agpaitic magmas and methane-bearing fluids. In addition, 
no study has attempted to related the observed mobilities in key elements to 
speciation in the fluid. 
2.7 Discussion 
Studies of alkali metasomatism within and outside alkaline bodies have 
shown that metasomatic process involve many elements, often mobile at 
different times. In addition to transport of cations (e.g. Na+, K+, C a2+ etc.), 
anionic or neutral species (e.g. F, Cr, 1120  etc.) are known to be present in 
the fluid. These anionic or neutral species are known to assist in the transport 
of cations by the formation of soluble hybrid species. This hybridisation 
process is known as complexation and the anionic or neutral species involved 
are known as ligands. 
M + ligand = M(ligahd) 
immobile 	mobile 	mobile 
Complexation can further assist the transport of some already mobile 
elements, but for elements which are normally immobile, it is an essential 
process for transport. The presence or absence of ligands, therefore, dictates 
the mobility of key elements in the alkali metasomatic fluid. The nature of an 
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alkali metasomatic fluid can therefore be related to the physical properties and 
stabilities of key complexes. It is the understanding of these factors which 
provides the best mute to the explanation of the observations associated with 
alkali metasomatism. 
Studies of alkali metasomatism seek to arrive at estimates of fluid 
chemistries by examining altered rocks. When such an approach is applied, a 
number of important points must be borne in mind. First, although an overall 
increase in a certain element during metasomatism can be taken as evidence 
for the mobility of that element, it is a more difficult task to prove the absence 
of elements in the fluid. It should be remembered throughout that simply 
because no evidence for a certain element Js present, the passage of that 
element in the fluid as a spectator ion cannot be ruled out. This point is 
demonstrated by the experimental work of Orville (1962, 1963), who found 
that cooling sodium and potassium feldspar-bearing fluids in equilibrium with 
two feldspars precipitated only K-feldspar during cooling, even when the 
sodium component was greatly dominant in the fluid. In other words, the 
observation of e.g. potassic metasomatism does not imply that sodium was not 
present in the fluid; nor does it even imply that the activity of potassium was 
greater than that of sodium. Second, the many different processes recognised 
during the present study may represent interaction with the same fluid but at 
different temperatures. In addition, in older intrusions, overprinting by 
younger fluid activity may be observed. 
Throughout the present study, conclusions about the absence of 
elements from the fluid are avoided, except when good evidence is available 
to suggest that the presence of that element would have been expected. 
Second, although general conclusions about the nature of the metasomatic 
fluid will be drawn, it is borne in mind throughout that the properties of the 
fluid may change in space and temperature and that many phases of fluid 
interaction may be recorded by a single sample. 
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SECTION B 
Introduction to Section B 
The next section examines two case studies of metasomatic processes 
in syenitic plutons. The first (Chapter 3) examines metasomatism in the flu 
MAne Sø perthosite stock, which is part of the Tugtutôq Central Complex. 
This intrusion was chosen since it is a simple, conveniently sized unit with an 
unchanging mineralogy. This work was contrasted with a second study 
(Chapters 4-6) in which metasomatic processes in the Late Igdlerfigsalik 
Centre, part of the Igaliko complex, were examined. This latter example is 
more typical of centres in the (lardar province, with lateral facies variation 





Metasomatism Within the BIA Mane Sø Perthosite Stock 
3.1 introduction 
Many recent studies have used alkali feldspar microtextures as 
indicators of fluid interaction with evolved rocks. As is reviewed by Parsons 
and Brown (1984), coherency is lost during exsolution of alkali feldspars if a 
hydrous phase is present at elevated temperatures (<450°C). The presence of 
coarsely exsolved perthites is therefore taken to indicate that a rock has been 
subjected to deuteric alteration. Despite the obvious importance of alkali 
feldspars in studies of syenitic rocks, no study has yet attempted to link the 
deuteric alteration implied by feldspar microtextures and the observation of 
alkali metasomatism on a large scale, in and around evolved alkaline rocks. 
Cathodoluminescence characteristics of alkali feldspars may be 
changed drastically by alkali metasomatic alteration (e.g. Mariano, 1988), and 
this textural change may be used as a first-order gauge of the amount of alkali 
metasomatism a sample has undergone. The process of change in the 
luminescence characteristics of alkali feldspars appears to be largely 
isochemical, as demonstrated by studies of altered and unaltered rocks (see 
Chapter 6), yet texturally can be clearly related to the action of a metasomatic 
fluid. In addition to this, alkali feldspars, when deuterically altered, develop 
intragrain microporosity, associated with the formation of subgrains (Worden 
et al., 1990). 
The BlA Mane Sø ("Blue Moon Lake") perthosite is an ovoid stock 
approximately 1.2 km across its major axis, and represents the last intrusive 
event of the Tugtutôq Central Complex (TCC) (Upton, 1964; Upton et al., in 
press) (Figure 3.1). The perthosite is a pink or chalky white syenite, composed 
largely of coarsely perthitic alkali feldspar with very small amounts of other 
minerals. Ferruginous staining sometimes occurs on the cleavages of, and 
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between, the feldspar laths. Occasional apatites, amphiboles and biotites are 
found. In thin section, the feldspars are seen to be coarsely exsolved patch 
perthites, although some relicts of braid perthite still remain; very 
occasionally, optically homogeneous cryptoperthitic feldspar relicts occur. 
The BlA M5ne Sø stock was chosen for this study since it is undisturbed by 
later igneous activity (with the exception of pegmatites and a dyke dating 
from Blã MAne Sø times), and therefore preserves evidence for movement of 
fluids directly associated with the intrusion of the stock around and within the 
unit. In addition, the monotonous mineralogy of the perthosite removes the 
possibility that changes in modal percentages of key minerals will effect the 
appearance of metasomatic alteration in the sample. 
A traverse was made across approximately two thirds of the stock at 
regular intervals along a sighted line (Figure 3.1). A total of 24 samples 7*a 
collected, including 21 syenitic rocks from within the intrusion (BMI-20, 
BM9A), two from the basement JulianehAb granite adjacent to the contact 
(BM21 and BM22), and one from a trachyte dyke emplaced along the contact 
between the stock and its envelope (BM20A). BM9A is a sample of a 
pegmatite adjacent to the location of sample BM9. 
3.2 Cathodoluminescence 
Cathodoluminescence characteristics of alkali feldspars have been 
studied by several authors since the pioneering work of Smith and Stenstrom 
(1965). Mariano (1976) first used these characteristics to study alkali 
metasomatism, noting that metasomatised feldspars luminesced red, whereas 
those which had escaped alteration were blue. This provides a clear visual 
criterion by which the levels of alkali metasomatism in syenites can be 
judged. 
The causes of the different luminescence colours have been the subject 
of some disagreement. Mariano suggested that the blue luminescence colour 
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Bl& M9nesO Perthosite 	 Base Map after Upton (1964) 
Samples collected by Adrian Finch and Tim Harrison 
Julianehb Granite 
o 	 100 	200m 
L Undifferentiated Gardar Intrusives 	 Scale 
Figure 3.1: Location map of samples from the BIA Mine Sø. The centre of the 
intrusion lies at approximately 600  51'N, 46° 22'W. 
was due to trace amounts of Ti, although Rae and Chambers (1988) could find 
no correlation between the height of the blue peak and Ti-content. An 
alternative suggestion was presented by Dc St. Joffe and Smith (1988), who 
linked deep blue luminescence in feldspars from the Thor Lake deposit, 
Quebec to gallium contents. The gallium contents of red and blue luminescing 
alkali feldspar variants of the Klokken quartz syenite aplite unit (Sample 
GGIJ 43729) (Parsons, 1979), which are considered analogous to the BlA 
Mke Sø feldspars, have been compared. The low Ga-levels were measured 
using an ion-microprobe (see Appendix B for details) and the blue 
luminescing core gave concentrations of about 20 ppm Ga, with the red 
luminescing rim containing approximately 50 ppm Ga. These values are far 
below the highly enriched Ga-levels of the Thor Lake feldspars (300-600 
ppm). In addition, since increases in gallium content from the blue 
luminescing core to the red luminescent rim have been observed, Ga is 
unlikely to be a critical factor in determining blue luminescence in the BlA 
MAne 50 rocks. By analogy with the deductions of Sigel (1973), who studied 
the blue luminescence of quartz, Geake et al. (1977) have suggested that blue 
feldspar luminescence resulted from E'-defects in the structure (i.e. SfO  ion 
pairs), a theory supported by Rae and Chambers (1988). Such an 
interpretation is difficult to prove without detailed TEM work. 
Red luminescence in feldspars was first observed by Smith and 
Stenstrom (1965) in a microcline. Mariano (1976, 1979) suggested that the red 
colour in alkaline environments was due to enrichment of the feldspars in 
Fe3 from a metasomatic fluid. Textural evidence strongly suggests that the 
reddening of luminescence of originally blue-luminescing feldspars is also a 
direct result of metasomatism. Rae and Chambers (1988), however, found that 
the red peak was also present in blue luminescing feldspars, but masked by 
the dominant blue colour. The observation of red luminescence in altered 
feldspar, therefore, relies not only on the amplification of the red 
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luminescence band, but on the suppression of the original blue colour. In 
addition, Rae and Chambers showed that the red luminescence peak was 
increased in strength during progressive action of the fluid phase, and that the 
strength of the peak could be related to the Fe-contents of the feldspars. These 
authors also noted the presence of purple luminescing alkali feldspars, where, 
presumably, the suppression of the blue luminescence peak was incomplete. 
The ratio of blue to red luminescing alkali feldspar in a rock can be 
used as a gauge of the amount of metasomatism to which a sample has been 
subjected. An index of this interaction (feldspar luminescence index, f.l.i.) is 
defined as the percentage of red luminescing, metasomatised alkali feldspar 
divided by the sum of metasomatised (red luminescing) and magmatic (blue 
luminescing) feldspar present [f.l.i.=%red/(total feldspar)]. Determination of 
f.l.i. for the BlA MAne Sø samples was carried out by point counting (200 
points) of CL-photographs. These photographs were carried out using a highly 
defocussed beam so that as large an area of the slide as possible could be 
photographed. 
The samples of the perthosite studied show feldspar luminescence 
indices ranging from 48% to 96%, suggesting that a high degree of 
reaction with the fluid phase has occurred (Table 3.1). Figure 3.2 shows a 
typical view of feldspar from a highly altered syenite from the BlA MAne Sø 
intrusion under cathodoluminescence. The greatest metasomatism was found 
near the centre of the intrusion, and at the edge (Figure 3.3), with a localised 
increase associated with the pegmatite (BM9A). Small grains of yellow 
luminescent calcite were found in sample DM19, near to the contact with the 
JulianehAb granite and in the samples of the basement itself. Other 
metasomatic minerals such as fluorite, which are known from other units of 
the TCC (Upton et al., in press), were not detected. Orange luminescing 
apatites are unzoned. This evidence suggests that volatiles collected in the 
centre of the stock and passed around the edge of the intrusion during cooling. 
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Figure 3.2: A view of alkali feldspars under cathodoluminescence. The 
altered feldspars luminesce red and compose the majority of the view. 
Blue luminescing unmetasomatised relicts, however, still remain. Field 
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Figure 3.3: Variation of f.l.i. across the BIA MAne Sø traverse. Pegmatites are 
marked by a P. The curve represents the possible variation of f.l.i. 
across the traverse before the intrusion of the pegmatites. 
Sample No. Microporosity/% 	f.U.i./% 
BMI 3.9 95.9 n.d. 
BM2 3.2 81.2 3.9 
BM3 3.1 66.5 3.2 
BM4 2.9 56.7 1.9 
BMS 3.2 48.1 n.d. 
BM6 3.5 62.9 6.8 
BM7 3.3 62.0 8.1 
BM8 3.5 68.8 5.6 
BM9 3.1 n.d. 7.3 
PEGMATITE 
BM10 1.8 68.7 3.4 
BMI1 2.7 74.2 2.9 
BMI2 4.0 ad. 6.8 
BMI3 1.9 51.3 n.d. 
BMI4 3.3 58.7 ad. 
BMIS 2.9 63.2 6.2 
BM16 3.2 60.9 5.0 
EMIl 3.1 73.7 7.3 
BMI8 3.9 79.0 n.d. 
PEGMATITE 
8M19 2.9 92.0 6.3 
BM2O 0.9 60.0 5.3 
EDGE 
BM21 2.6 50 3.9 
n.d. = not determined 
Correlation between 	 Tan 	Signiricance/% 
f.1.i. 	 microporosity 	0.198 	 <90% 
Table 3.1 : Microporosities, feldspar luminescence indices and 80 values 
for BlA Mine SØ perthosites, and summary of results for the Kendall's 
Tau test. 
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The presence of a line of weakness between the stock and its envelope is 
attested to by the presence of a small trachyte dyke (BM20A), emplaced along 
the contact. 
3.3 Microporosily 
Alkali feldspars in plutonic igneous rocks are often observed to have 
undergone fluid alteration, resulting in the formation of coarse irregular 
deuteric perthites in place of fine-scale regular strain-controlled micro- to 
crypto-perthites (Parsons and Brown, 1984). It has also been noted (Parsons, 
1978, 1980; Parsons and Brown, 1984) that there is a general connection 
between the development of deuteric feldspars and optical turbidity in the 
perthites. Recent work (Worden et al., 1989, 1990) has confirmed earlier 
suspicions (Brace et al., 1972; Sprunt and Brace, 1974; Montgomery and 
Brace, 1975) that the turbidity is related to the presence of numerous 
micropores. It has been further shown by oxygen exchange experiments 
(Walker, in press) that micropores within alkali feldspars are interconnected, 
thus fonning a fine-scale channel network suitable for fluid flow. 
If the micropores were formed via fluid interaction, providing a 
network for further fluid flow, it might be expected that the micioporosity of 
red-luminescing areas of feldspar would be greater than in those which 
luminesced blue. In order to investigate this, backscattered SEM images of 
red- and blue-luminescent areas in one sample (BM13) were obtained using a 
Cambridge StereoScan scanning electron microscope, to determine whether 
those areas which luminesced red could be correlated with areas of greater 
microporosity. The results of this comparison are presented in Figure 3.4. 
In addition to small scale comparison of microporosities within a 
single sample, it might also be expected that the microporosity of samples as a 
whole would vary with the f.l.i. of the rock. However, there are practical 
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Figure 3.4: CathodoluminescenCe photograph of an area of blue- and red-
luminescing feldspar from sample BMI3 (Top). The areas marked A 
and B refer to back-scattered SEM photomicrographs taken within 
blue- and red-luminescing areas respectively. The area marked C 
shows a boundary between the two types of luminescent feldspar. Note 
the more common occurrence of micropores within the red-
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Figure 3.4 (continued): 
normally carried out on freshly cleaved surfaces (as described in Worden et 
al., 1990), whereas accurate determinations of f.l.i. are only possible on 
polished faces. So that an attempt could be made to compare the 
microporosity and f.1.i. of samples across the traverse, microporosity 
determinations (1500 points) were carried out on cleaved fragments of 
samples from the traverse. The point counting data are shown in Table 3.1. 
3.4 Oxygen Isotopic Data 
Many studies of alkali metasomatism have hinted at the possibility that 
fluids causing the alteration are derived, at least in part, from the volatile 
component of alkali magmas, which separated after cooling and solidification 
of the silicate phase (e.g. Parsons, 1980). However, other studies (e.g. Taylor 
and Forester, 1979 from the Skaergárd intrusion) have stressed the role of 
meteoric fluids in penetrating and altering plutons. Analysis of stable isotope 
data, notably 6180  values, is able to distinguish between these two modes of 
origin for the metasomatic fluid. 
Few isotopic data exist for the Gardar province. Sheppard (1986) 
analysed whole-rock and separates from some intrusions in the Gardar 
province for 6180,  and found them generally to lie in the field of juvenile 
origin similar to other syenites. Konnerup-Madsen et al. (1988) examined 
6 13C and 6D values of methane-bearing fluid inclusions from the llhmausaq 
intrusion, and also tentatively concluded that the fluids were magmatically 
derived. 
For the present research, isotopic analyses have been carried out on 
feldspar separates only, to negate the effects of modal variation between 
samples. Values obtained generally agree with those of Sheppard, although 
the range of values here is greater (1.9 to 8.1 %o) (Figure 3.5 and Table 3.1). 
It is concluded therefore that the isotopic signatures of the metasomatic fluid 
and rock were close to equilibrium. Although the bulk of the data lie within 











0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 
d 8 
	Adrian Finch and Davkl Walker 1990 
Figure 3,5: Histogram of 8 180 isotopic values for alkali feldspar separates 
from the traverse. 
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the range of juvenile waters, the lowest values of 6180  lie marginally outside 
(e.g. BM4) (A.E.Fallick, pers.comnt, 1989). This may either indicate the 
presence of a small low-6 180 (meteoric) component in the fluids, or 
alternatively these points may result from poor precision in the data (see 
Appendix D for a full discussion). The spatial distribution of these low-6 180 
samples across the traverse does not indicate any regular pattern. 
3.5 Discussion 
The examination of small areas of red- and blue-luminescent feldspar 
show that the red-luminescent areas are associated with greater 
microporosities than in blue-luminescent areas (Figure 5.4). In addition, data 
for each of the points along the traverse have been compared, in an attempt to 
determine which, if any, of the three properties (microporosity, feldspar 
luminescence index and 6180  values) are related on the hand-specimen scale. 
Values were compared statistically as non-parametric variables using 
Kendall's Tau test and significant correlations identified (see Conover, 1980). 
Results are summarised in Table 3.1. 
Despite the clear correlation between red-luminescent areas and 
increased microporosity on the small scale (Figure 3.4), the regional 
comparison of f.l.i. and microporosity failed to show convincing correlation. 
This suggests either that there is a complex relationship between the volume 
of fluid flow and the degree of reddening of feldspar luminescence, or, 
perhaps more likely, as microporosity and f.l.i. determination were not carried 
out on the same rock fragments, variations in both microporosity and f.l.i. 
within hand-specimens are obscuring the correlation implied by small scale 
observations. 
Textural evidence from cathodoluminescence often suggests strongly 
that much of the metasomatism is associated with grain boundaries in the 
syenite. However, in many cases, metasomatic reddening is observed to 
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penetrate to the centres of crystals without the assistance of obvious cracks or 
microfractures (e.g. Figure 3.2). Walker (in press) has shown that the 
micropore network present in alkali feldspars is permeable to fluid movement 
at pressures and temperatures appropriate for Gardar rocks (1 kbar, 500'C), 
and hence the presence of interconnected micropores inside the BlA MAne Sø 
feldspars suggests that, in addition, fluids may flow through the body of the 
alkali feldspars themselves. Despite the high feldspar luminescence indices of 
these rocks, the maximum microporosities of the NA MAne Sø feldspars 
constitute 4.1% of the volume of the rock. Feldspars from other intrusions 
with lower feldspar luminescence indices can show higher microporosities of 
up to about 5% (Worden et al., 1989, 1990), and hence the level of 
microporosity development between centres is probably not a simple function 
of metasomatism. Although from the observations discussed above, the 
microporosity could have been brought about by the action of the 
metasomatic fluid, Worden et al. (1990) have suggested that the microporosity 
may result, at least in part, from the expulsion of water exsolved from the 
alkali feldspars themselves. Later metasomatic fluid, therefore, may merely be 
exploiting and enhancing a pre-existing micropore network, dependent on 
alkali feldspar exsolution Of water (Walker, in press). Water derived in this 
manner from alkali feldspars alone, however, cannot explain the volumes and 
compositions of metasomatic fluids from the Gardar (Chapters 4, 5 and 6). It 
may well be that this exsolved water, although probably minor with respect to 
the total volume of fluid, may be significant in determining whether alkali 
metasomatic fluids can penetrate the body of the feldspars and hence the 
degree of metasomatism that can occur. This in turn determines the final 
composition of the rock. 
The lack of correlation between f.l.i. and oxygen-isotopic data (Table 
3.1) indicates that the rock and fluid isotopic signatures are in close 
equilibrium. This implies that the bulk of the metasomatic fluid is juvenile in 
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origin, derived from the alkaline magma, in accordance with previous 
suggestions (Parsons, 1980). The range of oxygen-isotopic ratios in the 
samples, and the occasional low-8 180 value, indicate that although the vast 
majority of the fluid was juvenile, a small meteoric component may 
nevertheless have been present in the fluid. 
3.6 Conclusions 
It has been possible to conclude that the rocks of the Blâ MAne Sø 
perthosite were subject to large-scale interaction with a metasomatic fluid. An 
index of this interaction (feldspar luminescence index, f.l.i.) is defined as the 
percentage of red luminescing, metasomatised alkali feldspar divided by the 
sum of metasomatised (red luminescing) and magmatic (blue luminescing) 
feldspar present. The BlA MAne Sø rocks have feldspar luminescence indices 
ranging from 48% to 96%. The action of a fluid on the alkali feldspars in the 
stock led to the development of increased intracrystalline microporosities of 
up to 4.1%: This microporosity may have resulted from direct interaction 
between the metasomatic fluid and the alkali feldspars: or it may have been 
formed by the exsolution of water from the alkali feldspars themselves. Later 
metasomatic fluids merely exploited and enhanced a pie-existing micropore 
network. The metasomatic fluid was derived largely from the magma itself, 
with a small but significant part possibly exsolved from the feldspars 
themselves. 
Whatever the origins of the micropore network, fluids flowed along 
grain boundaries and, via the micropore network, through the body of the 
alkali feldspars themselves. The presence of the micropore network allowed 
pervasive metasomatic alteration of the unit. Metasomatism had little overall 
effect on the 8 180 values of the feldspars. 
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Chapter 4 
Metasomatism around the Late Iudlerfigsalik Centre 
4.1 Introduction 
The next three chapters examine alkali metasomatism within and 
around a nepheline syenitic centre in the Gardar Province (the Late 
Igdlerfigsalik centre). This centre is more typical of centres in the Gardar than 
the BlA MAne SØ stock described in Chapter 3, since it shows evidence for 
lateral variation and repeated intrusive activity. This chapter considers the 
evidence for metasomatism in the envelope rocks of the intrusion, Chapter 5 
examines the evidence for autoinetasomatism of the Late Igdlerfigsalik 
syenites, and Chapter 6 deals with alteration in earlier syenites, and makes 
conclusions about the nature of the metasomatic fluid. 
The study makes use of thin section, electron probe, ion probe, 
cathodoluminescence and back-scattered electron microscopy in an attempt to 
characterise the chemistry, physical properties and speciation of the fluids 
concerned. The Late Igdlerfigsalik centre has been chosen for the study as it 
post-dates all other magmatic activity in the area, despite its mid-Proterozoic 
age. In addition, a study of Ar-diffusion in alkali feldspars of the adjacent 
Klokken intrusion (Kelley et al., in prep.) has shown that the area has not been 
heated above 150°C since the time of initial cooling. Therefore, evidence for 
movement of fluids around and especially within the pluton is known to date 
from Late Igdlerfigsalik times. The spelling "Igdlerfigsalik" is here preferred 
to the old double-s spelling (Igdlerfigssalik) for the sake of brevity, and in line 
with modem spellings of other Inuit place-names. 
4.2 Geological Selling 
Igdlerfigsalik has been considered by Emeleus and Harry (1970) as the 
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complex (Figure 4.1). Igdlerfigsalik magmatism is sub-divided into Early- and 
Late-stages, separated by the intrusion of the mid-Gardar dyke swarm. The 
intrusion of the dyke-swarm between the two periods of activity indicates that 
the time-difference between them is considerable; in addition, the two centres 
show independent fractionation trends. No isotopic age dating has been 
carried out on Early Igdlerfigsalik rocks. The Early- and Late-Igdlerflgsalik 
periods of activity are considered here as distinct and each is comparable to 
the three preceding centres. The Igaliko complex is therefore considered to 
compriseflve centres. The petrology of the two Igdlerflgsalik centres has been 
studied by Emeleus and Harry (1970) and subsequently by Powell (1976, 
1978). The Early Jgdlerfigsalik centre comprises three units, known as 511, 
512 and 513 following the notation of Emeleus and Harry. These range from 
augite syenite (SI 1) to gradually more undersaturated compositions, and the 
centre outcrops on the north shore of the mouth of Qôroq fjord, and on the 
SW side of Giesecke's Dal. The Early units probably extended much further to 
the south, but have been largely obliterated by Late Igdlerfigsalik activity. 
The Late centre forms four nested syenitic units (514, S15, S16 and 
S17), younging towards the centre, with the exception of the S16, which forms 
a ring-dyke between 514 and 515. The final intrusive event of the Late centre 
is an incomplete alkali gabbro ring-dyke, which grades along its length to 
syenitic compositions. As with the Early centre, the earliest unit (S14) is 
later unitsi 
augite syenite in composition,Jradually becoming more undersaturated with 
order of emplacement (with the exception of the ring-dyke). The Late centre 
postdates all other magmatic activity in the area, including minor activity, and 
hence metasomatism associated with it is free from overprinting by 
subsequent events. 
In the west of the Late centre is a microsyenite dyke, which intrudes 
the 514 unit. At a locality known as Narsãrsuk, this dyke widens, and is host 
to a pegmatite, known as the NaSrsuk pegmatite. This locality has been 
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known since the earliest days of Greenland exploration (e.g. Rink, 1901) for 
its wide range of extremely rare minerals. The mineralogy at Narsãrsuk is 
unique, and bears little resemblance to either the host microsyenite unit, or to 
the Late Igdlerfigsalik centre as a whole (Petersen, 1989). The location of the 
pegmatite within the centre suggests that the genesis of the two are closely 
linked, but the highly unusual mineralogy bears a closer resemblance to the 
llhmausaq complex (see Chapter 12) than to Late Igdlerfigsalik. In addition, 
the Narsársuk pegmatite contains graphite, as well as carbonates, indicating 
that the redox potential of the pegmatite was significantly lower than that of 
the centre. For these masons the Narsãrsuk pegmatite is not included in 
discussions relating to the rest of the centre. 
4.3 Metasomaticm of Country Rocks around the Igdlerflgsalik centre 
Emeleus and Harry (1970) described a metasomatic contact zone 
around the western edge of the Late Igdlerfigsalik Centre, associated with 
brecciation (Figure 4.1). The envelope rocks to the centre are sandstones and 
basaltic lavas of the Eriksfjord formation, which, when nearing the contact of 
the intrusion, develop increasing amounts of green aegirine and blue alkali 
amphibole (Figure 4.2). The formation of these secondary minerals is both 
pervasive (bringing about a general green or blue colour to the white 
sandstone), and along discreet channels and fractures, in which case the 
formation of aegirine- or arfvedsonite-rich veins occurs. The envelope is also 
intruded by mid-Gardar dykes (Pearce, 1988), and along the edges of some 
dykes, aegirine and alkali amphibole growth is observed (Figure 4.3) 
decreasing in abundance away from the contact with the intrusion. This 
zoning suggests the passage of outwardly migrating metasomatic fluids along 
contacts between dykes and envelope rocks. The development of these veins 
of blue amphibole (Figure 4.4), and the recrystallisation of the red Eriksfjord 
sandstones to a stockwork of quartz and hematite (Figure 4.5), occur a full 2 
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Figure 4.2: Loose block of metasomatised Eriksfjord sandstone. Precipitation 
of alkali pyroxenes and amphiboles has picked out cross-bedding 
structures. Lens cap is 5 cm across. (Locality: 1 km west of small lake, 








Figure 4.3: Contact between a Mid-Gardar dyke (on the right, pink coloured 
and out of focus) and Eriksfjord sandstones (on the left, bright white). 
The contact zone show intense precipitation of alkali pyroxenes 
(green) and amphiboles (blue). (Locality: 1 km west of Narsãrsuk). 
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Figure 4.4: Precipitation of blue alkali amphiboles along a joint in red 
Eriksfjord sandstone. The hammer head is 15 cm across. (Locality: 




Figure 4.5: Recrystallisation of red Eriksfjord sandstone to a stockwork of 
quartz and hematite crystals. The lens cap is 5 cm across. (Locality as 
above). 
km from the contact of the intrusion. In addition to the passive role of dykes 
as fluid channels in the basement, some mid-Gardar dykes underwent 
macroscopic changes as a result of direct alteration, and are commonly altered 
from black fine-grained, pyroxene-bearing trachytes to pink medium-grained 
microsyenites with large poikilitic biotites and alkali amphiboles. These 
textures interdigitate gradually over the course of about a kilometre, with most 
hydrous compositions closest to the contact with the Late Igdlerfigsalik 
centre. In some localities, the altered dykes assume a patchy character with 
localised areas of fine- and medium-grained texture. In addition, large basic 
sills of Eriksfjord age are found within a kilometre of the contact, and these 
are recrystallised to almost pure biotite rocks. 
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Chapter 5 
Metasomatism within the Late IpdIerfisaIik Units 
5.1 Introduction 
Evidence for metasomatism of basement rocks shows that Late 
Igdlerfigsalik igneous activity was accompanied by the release of large 
amounts of volatile phases, which penetrated the envelope rocks, and caused 
large scale chemical reequilibriation. After the solidification of the syenitic 
rocks, such volumes of fluid would continue to have substantial effects on the 
chemistry of the crystallised syenites themselves, and it is this alteration 
process (autometasomatism) that this chapter seeks to characterise. According 
to detailed SEM and 'rEM studies on alkali feldspars by Worden et al. (1990), 
coarsened alkali feldspars possess interconnected micropores, along which 
fluids can flow. As has been suggested in Chapter 3, autometasomatiini of 
syenites can be considered to occur not merely by the passage of fluids along 
grain boundaries, but also at moderate temperatures (<450°C) by the passage 
of fluids through the body of the feldspars themselves. Because of this, 
autometasomatism is likely to have a substantial effect!  on'he chemistry and 
textures of unmetasomatised syenites. 
5.2 Thin section studies 
In thin section, syenites of this centre commonly show evidence of 
metasomatic alteration, although magmatic and metasomatic textures are 
sometimes difficult to distinguish. In the present section, a number of textures 
are discussed which have been observed in the Late Igdlerfigsalik rocks and 
can be related to subsolidus metasomatic activity. This section is not a 
comprehensive list of such textures, but merely documents those which have 
been useful in the present study. 
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The alkali feldspars are in most samples coarsely exsolved patch 
perthites, but optically homogeneous, ciyptoperthitic feldspar relicts do occur. 
As reviewed by Parsons and Brown (1984), a hydrothermal fluid phase in 
association with uncoarsened alkali feldspars at elevated temperature 
(<450°C) caused catastrophic coarsening of the perthitic textures in the nearby 
Klokken syenite, leading to visibly exsolved patch perthites. Similar textures 
are observed in the Late Igdlerfigsalik rocks, and it is reasonable to interpret 
these textures in the same way. A few samples have been encountered which 
contain exclusively pristine (i.e. ciyptoperthitic) feldspars (e.g. ARM 4A), and 
where this is the case, evidence for further alteration, as described below, is 
always absent. Observations at Igdlerfigsalik suggest that loss of "strain-
controlled" microtextures in alkali feldspar is the first effect of metasomatism. 
Turbidity in alkali feldspars is ubiquitous, except in cryptoperthitic variants. 
The development • of turbidity in nepheline and its subsequent 
conversion to secondary zeolites and micas (so-called gieseckite) is found in 
many samples, except those where feldspar optical homogeneity is preserved. 
Nephelines occasionally retain non-turbid areas in altered rocks. Where 
turbidity is restricted in nephelines, it is strongest at grain boundaries and 
lines of alteration are usually defined within the nepheline crystal (Figure 
5.1). In addition, alteration to cancrinite is observed, especially in the vicinity 
of calcite. Contacts between calcite and nepheline are always. separated by 
cancrinite (Figure 5.2). Alteration of nepheline is discussed in greater detail 
below (Section 5.6).. 
Alteration of fayalitic olivines to opaque minerals and "iddingsite" is 
observed. Almost all olivines in non-pristine samples show some signs of 
alteration. Olivine alteration can also lead to a variety of other products 
including pyroxene, opaques, and blue alkali amphibole and biotite needles. 
Where olivine is corroded adjacent to alkali feldspar, the product is 




Figure 5.1: Turbidity in nephelines (Sample QT8, unit S15). (Field of view 4 
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Figure 5.2: Cancrinite (moderate birefringence) formed at the contact 
between nepheline (grey birefringence) and calcite (very high 
birefringence). Note the embayed contact between the cancrinite and the 
nepheline (Sample QT9, unit S15 under crossed polars). (Field of view 4 
mm). 
2 Fe2SiO4 +2 NaAISi308 + 2 H = Na2Fe3AI2Si8O22(OH)2 + Fe2 
olivine 	feldspar 	 amphibole 
2 Fe2SiO4 + (Na,K)MSiO4 + 2 H = KFe3A1Si3O10(OH)2 + Fe2 
Olivine 	nepheline 	 biotite 
A similar conversion mechanism is observed in pyroxenes, which can 
also form amphibole or biotite. Where pyroxene is in contact with feldspar, 
amphibole is formed, and where it abuts nepheline, the product is biotite. In 
one occasion (Sample QT8), the same olivine grain is mantled partly by 
amphibole (along its contact with feldspar) and partly by biotite (next to 
nepheline) (Figure 5.3). 
S'206 4- + 2NaA1Si3O8 +21120+  3Fe2 = Na2Fe3 AI2S1 8O22(OH)2 + 2H 
pyroxene 	feldspar 	from the fluid 	 amphibole 
Si2064 + (Na,K)A1SiO4 + 2H20 + 3Fe2 = KFe3A1Si3O 10(OH)2 + 2H 
pyroxene 	nepheline 	from the fluid 	biotite 
In addition to mantling by amphibole, samples of all four units show 
excellent sodium-enriched rim-zoning within the pyroxene, which is irregular 
around edges and inclusions, and along cracks and cleavage planes (Figure 
5.4). This irregular nature strongly suggests a subsolidus origin, and further 
hydration to alkali amphibole is common. Prominent cleavages may be seen 
to be continuous from hedenbergite cores through metasomatic aegirine-
enriched rims and into alkali amphibole mantles (e.g. GGU 41923). 
Ca2++ Fe2 =Na+ Fe3 
bedenbergite 	aeginne 
Hydration of pyroxene to amphibole can occur either via a Na-rich 
intermediate pyroxene zone (i.e. hedenbergite to aegirine to Na-rich 
amphibole, e.g. Sample GGU 41923), or directly without intermediate 
pyroxene compositions (i.e. hedenbergite to Na-rich amphibole). Irregular 
metasomatic zoning of magmatic amphiboles is also sometimes observed. 
Further details of the differences in chemistry between the metasomatised 
45 
AN 
Figure 5.3: Secondary replacement of pyroxene. Where the pyroxene is in 
contact with feldspar, the product is amphibole; where it is next to 
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Figure 5.4: Irregular Zoning in Pyroxenes. The top photograph shows Na-
enriched (green) patches around inclusions of apatite, and along some 
cleavages (ARM 6A). The bottom photograph shows an alkali 
amphibole (green) and a magmatic pyroxene (brown). Between them 
Na-enriched metasomatic pyroxene (dark green) is found. Cleavages can 
be observed to be continuous from the original pyroxene, through the 
metasomaticaily enriched zone into the alkali amphibole (Sample ARM 
6C). (Field of view in both photographs is 4 mm). 
rims and the cores of pyroxenes and amphiboles are considered in a separate 
section below (Section 5.3). 
The presence of chlorite, zeolites and sericitic clays in most samples is 
also considered to result from the action of metasomatic fluid. 
llmenites, surrounded by a band of nepheline and sphene, surrounded 
in turn by biotite is a texture observed in a few samples (e.g. ARM 4A, GGU 
59690) (Figure 5.5). This is considered metasomatic since neither ilmenite nor 
alkali feldspar possess Ca in sufficient quantities to promote the formation of 
sphene. The texture is therefore considered to result from the interaction of 
calcium-bearing fluids on contacts between alkali feldspar and ilmenite, 
releasing Fe2 , which then reacts with further alkali feldspar to form biotite. 
2 Ca2 + (K,Na)A1Si3O8 +2 FeTiO3 = 2 CaTiSi05 + (K,Na)A1SiO4 + 2 Fe2 
from the fluid 	feldspar 	iltnenite 	sphene 	nepheline 	to the fluid 
3 Fe + 10 1420 + KA1Si308 = KFe3 AISi3O10(OH)2 +6 H30 
	
from the fluid 	feldspar 	biotite 	to the fluid 
The presence of an H+  term on the right-hand side of the equation 
indicates that the reaction would be enhanced by high pHs in the fluid. This 
suggests that the fluid was alkaline. 
In many samples (e.g. GGU 41997) biotites mantle ilmenite grains, 
although corrosion of the sub- to eu-hedral opaques is not observed. Similar 
textures from the nearby Kiokken intrusion are reported by Parsons et al. (in 
press), who showed using Fe:Mg ratios between coexisting biotites and 
olivines pairs, that the biotite originated from the decomposition of olivines. 
The reason for the precipitation of biotite around ilmenites, rather than 
mantling the parent olivine grain, is not clear, but may be due to epitaxy. 
Apatites in some cases can be seen to possess syntactic overgrowths, 
and in e.g. Sample GGU 41923, can be seen to infill a void in the cumulus 
framework of the rock (Figure 5.6). Euhedral apatites can also demonstrate 
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Figure 5.5: Coronae of biotite surrounding nepheline and sphene, around 
ilmenite (Sample GGU 59690). (Field of view 1 mm). 
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Figure 5.6: Syntactic overgrowth over apatite (Sample GGU 41923). (Field of 
view 2 mm). 
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Figure  5.7: Corroded apatite. Material appears to have been dissolved from 
the areas marked C (Sample HAR 2F). (Field of view 2 mm). 
apatites can in some cases demonstrate the presence of a small circular 
boundary within the crystal, which can be correlated to chemical differences 
in rare earth and silicon contents. Zoning in apatites is examined in more 
detail using CL in Section 5.5. 
5.3 Metasosnafic zoning in pyroxenes and amphiboles 
Pyroxenes and amphiboles are minerals with highly flexible structures. 
During metasomatism, diffusive exchange of elements with the fluid takes 
place, seen as green aegirine-enriched rims. Because of structural flexibility, 
pyroxenes and amphiboles have a greater chance of retaining trace amounts of 
incompatible elements from the fluid. A detailed study of trace elements in 
these minerals therefore provides a• method by which the behaviour of 
"incompatible" elements (e.g. Zr, Nb, Hf) can be examined. 
Pyroxenes 
Electron-probe analyses of the chemistry of metasomatically-enriched 
rims of pyroxenes from Igdlerfigsalik show significant increases in amounts 
of zirconium, as well as sodium (fable 5.1). In addition to these point 
analyses, step scans across gradational zones were carried out to obtain a 
qualitative understanding of diffusion profiles away from grain edges (Figure 
5.8). Profile patterns appear to conform to Arrhenius-type diffusion. 
Zr-pyroxenes were first described by Jones and Peckett (1980) from 
the Motzfeldt centre (situated near the Jgdlerfigsalik centres, see Figure 4. 1), 
who found compositions with up to 6.96% Zr07. Since then Duggan (1988) 
has described pyroxenes with Zr02 contents of up to 14.5% from Australia. 
According to Jones and Peckett, Zr is accepted into aegirine pyroxenes by a 
coupled substitution involving reduction of iron from Fe to Fe 2 , giving a 
hypothetical end-member with the acronym FM-NAZ. This substitution 
a 
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5-Oct-89 53 54 55 56 57 58 59 60 61 62 63 64. 
Na2O 1.805 1.874 1.895 1.867 1.875 1.915 2.068 2.05 2.068 2.183 2.181 2.24 
MgO 1.746 1.815 1.68 1.572 1.656 1.525 1.492 1.545 1.415 1.422 1.401  
A1203 0.74 0.764 0.74 0.721 0.731 0.713 0.699 0.72 0.697 0.685 0.694 0.707 
S102 48.185 48.316 48.253 48.05 48.11 48.12 47.991 48.094 47.938 47.947 47.432 47.931 
Zr02 0.498 0.554 0.566 0.584 0.597 0.548 0.631 0.617 0.62 0.693 0.615 0.666 
CaO 19.853 19.758 19.819 19.521 19.559 19.546 19.562 19.36 19.257 19.232 19.097 18.745 
Ca203 0.057 0.036 0.095 0.052 0.022 0.031 0.066 0.055 0.005 0.047 0.06 0.037 
T102 0.595 0.622 0.605 0.609 0.557 0.579 0.656 0.673 0.588 0.635 0.621 0.625 
MnO 0.66 0.666 0.623 0.634 0.635 0.65 0.64 0.613 0.622 0.612 0.601 0.559 
FeO 23.567 23.601 23.794 23.583 23.554 23.797 23.636 23.731 23.681 23.817 23.663 23.551 
Total 97.706 98.006 98.07 97.193 97.296 97.424 97.441 97.458 96.891 97:273 96.365 96.481 
65 66 67 68 69 70 71 74 75 76 77 78 
Na20 2.26 2.296 2.302 2.381 2.39 2.364 2.533 3.435 4.252 5.012 4.752 6.054 
MgO 1.434 1.321 1.317 1.362 1.306 1.258 1.248 1.238 1.121 1.145 1.054 0.632 
A1203 0.681 0.682 0.679 0.673 0.641 0.652 0.622 0.722 0.849 0.707 0.5 0.464 
S102 47.982 47.871 47.399 47.801 47.36 47.131 47.382 48.752 48.798 49.481 49.288 49.804 
Zr02 0.675 0.712 0.763 0.729 0.776 0.732 0.84 0.503 0.942 1.254 1.402 1.22 
CaO 18.712 18.893 18.594 18.442 18.31 18.076 17.953 17.336 16.35 15.204 15.476 13.765 
0a203 0.048 0.01 0.072 0.035 0.01 0.031 0.023 0.008 0.017 0.079 0.036 0.069 
T102 0.642 0.615 0.631 0.572 0.606 0.654 0.546 0.233 0.413 0.233 0.195 0.136 
MnO 0.613 0.617 0.585 0.621 0.609 0.574 0.612 0.586 0.547 0.569 0.511 0.553 
FeO 23.822 23.761 23.477 23.546 23.491 23.301 23.375 23.339 23.042 23.489 23.746 24.699 
Total 96.869 96.778 95.819 96.162 95.499 94.773 95.134 96.152 96.331 97.153 96.96 97.396 
Table 5.1: Compositions of metasomatically zoned pyroxenes along a traverse from the core (No.53) to the rim (No. 78). 
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Figure 5.8: Diffusion profile across metasomatically zoned pyroxene. The 
break in the gradient represents a poor total due to an area of alteration. 
(Sample GGU 41923). Points are approximately 10 micron apart. 
suggests redox potentials in the metasomatic fluid below the iron(n)/iron(m) 
buffer. 
Fe3 ' + 	= Fe2 + 
aegirine FM-NAZ pyroxene 
By analogy with the Motzfeldt pyroxenes, it has been assumed here 
that Zr is not compatible when the aegirine component is low, and that the 
CaZrAI206 end-member of McCallum and Charette (1978) is not applicable 
to lgdlerfigsalik. 
The Igdlerfigsalik Zr-pyroxenes show compositions of up to 1.4% 
Zr02 (Tables.!), much less than at Motzfeldt. However, the bulk of the Zr in 
the Igdlethgsalik pyroxenes is clearly metasomatic in origin, a method of 
formation not discussed by either Jones and Peckett or Duggan. Jones and 
Peckett explained Zr-enrichment in pyroxenes in terms of the inability of 
magmatic Zr-bearing phases (e.g. zircon, baddeleyite, eudialyte) to form 
during crystallisation, and metasomatic zoning similarly appears to result 
from the inability of hydrothermal Zr-minerals (e.g. zircon, baddeleyite, 
catapleite) to precipitate from the metasomatising fluid. The implications of 
this for speciation are discussed below (Section 7.2). 
The flexibility of the pyroxene structure allows it to accommodate a 
variety of other, often incompatible elements, in addition to zirconium; 
comparisons of trace elements in rims and cores can identify elements in the 
metasomatic fluid which would otherwise pass unnoticed. Compositions of 
cores and rims have been studied using the highly sensitive ion-microprobe 
(further details of the analysis technique are given in Appendix B). Samples 
were taken from the S15 unit, which shows the most marked metasomatic 
zoning at Igdlerfigsalik. Mass spectra comparisons of the rim and corn 
showed enrichment of REs, Ba, Hf and Zr in the rim. REs, Ba and Hf were all 
below detection limits of the electron probe, even in the enriched thus. Nb- 
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contents are often anomalously low in Cardar rocks, and this element was 
found to be totally absent from both the rims and cores (<1 count in lOs 
counting). Raw counts were convened to estimates of concentrations using 
default ion yield coefficients. Although there are some analyses of rims which 
show reductions in the concentrations of some elements (e.g. Table 5.2), it is 
clear that generally Ba, Zr, Hf and REs levels were increased many-fold 
during metasomatism (Fable 5.2). Levels of these elements are of ppm levels, 
with the exception of Zr, which reaches levels in excess of 1%. 
Amphiboles 
In addition to metasomatic zoning of pyroxenes, primary amphiboles 
are also seen to be zoned to more sodic rims. Amphiboles were analysed for 
the same elements on the ion microprobe as pyroxenes and Zr, Hf, Ba and 
REs were again found to be enriched many-fold in the rims in comparison to 
the cores (Fable 5.2). Maximum Zr-contents in these amphiboles were —1.2% 
ZrO2. Zr-rich amphiboles with Zr02 levels up to 4.13% have been described 
by Pearce (1989) from the nearby Igaliko dyke swarm. Again, the presence of 
Zr to these levels is explained by the inability of other 7r-bearing phases to 
precipitate. 
5.4 Cathodoluminescence studies ofAlkalifel.dspars 
A review of the cathodoluminescence characteristics of alkali 
feldspars in alkaline rocks is given in Section 3.2. CL-colours of alkali 
feldspars have been used by workers on the Gardar (e.g. Rae and Chambers, 
1988) as a visual guide to the extent of metasomatic alteration in syenites. 
This principle was refined in Section 3.2 to give a feldspar luminescence 
index (f. Li.), based on the proportions of blue to red luminescent alkali 
feldspar. Feldspar luminescence indices for samples of the Late Igdlerfigsalik 
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PYROXENE 
in ppm core core rim rim 
Y 115 112 114 40.1 
Zr 1940 1880 3400 4100 
Ba 0.624 0.184 24.6 73.3 
La 84.7 82.5 116 58.1 
Ce 257 248 327 147 
Pr 38.4 38.3 48.7 20.1 
Nd 166 162 202 76.3 
Sm 36.9 34.5 38.8 14.4 
Eu 2.52 4.11 4.36 2.38 
Hf 57.9 52.5 76.2 89.0 
AMPHIBOLE 
in ppm core rim 
Y 33.8 66.7 
Zr 2980 8470 
Ba 53.9 62.4 
La 101 112 
Ce 243 263 
Pr 31.2 32.8 
Nd 109 116 
Sm 20.3 21.7 
Eu 0.735 2.88 
Hf 55.4 138 
Weight of Zirconium dioxide 
Pyroxene 
core 0.25 % Zr02 
rim 0.56 % Zr02 
Amphibole 
core 0.40 % Zr02 
rim 1.15%Zr02 
Table 5.2: Results of Ion-probe analyses of Rims and Cores of 
Metasomatically enriched Pyroxenes and Amphiboles. 
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units show values from 0 (pristine) (Figure 5.9) to 100% (totally altered). 
Many samples show values of 20 to 40% (Figure 5.11), indicating that large-
scale chemical reequilibriation is common (Figure 5.10). Where reddening 
has occurred to only 10 or 20% (e.g. Figure 5.12), metasomatism is localised 
to grain boundaries and along exsolution lamellae (note the association of 
yellow luminescent calcite (see Section 5.7) at the nodes of the alteration). In 
addition, small amounts of alteration are often restricted to one phase in 
perthitic intergrowths. Metasomatic red feldspars are commonly seen as rims 
to blue cores, indicating that passage of fluids along grain boundaries does 
occur. However, as discussed above, Wonlen et al., (1990) have shown that 
interconnected micropores exist in coarsened alkali feldspars, and these are 
able to conduct metasomatic fluid through the body of the feldspars 
themselves. In Chapter 3, levels of niicroporosity in alkali feldspars were 
related to feldspar luminescence indices of the same samples. A relationship 
between these parameters was interpreted as demonstrating passage of 
metasomatic fluid along an interconnected micropore network. Such an 
interpretation may be applicable by analogy to metasomatism within the 
Igdlerfigsalik syenites. A few samples from Igdlerflgsalik have been 
examined under SEM, and feldspars from these units do indeed possess 
micropores (Figure 5.13). 
5.5 Cathodoluminescence of Apatites 
Cathodoluminescence has also been applied to studies of apatite 
textures. The first descriptions of cathodoluminescence in apatites concerned 
synthetic apatites (Quirk and Thomas, 1964; Palilla and O'Reilly, 1968), but 
luminescence in natural examples was studied by Smith & Stenstrom (1965) 
and Portnov & Gorobets (1969). Blue, lilac, yellow, pinkish-orange and non-
luminescent apatites were observed from various natural systems. All of these 
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Figure 5.9: Pristine alkali feldspars viewed under cathodoluminescence. The 
grey areas are nepheline and the orangey-pink lumincescent mineral is 
apatite (Sample HAR IC). (Field of view 4mm). 
Figure 5.10: Metasomatically altered alkali feldspars viewed under 
cathodoluminescence. Original magmatic compositions luminesce blue, 
whereas altered areas luminesce red (Sample GGU 43973). (Field of 
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Figure 5.11: Histogram of feldspar luminescence indices for samples from the 
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Figure 5.11 (continued): Feldspar luminescence indices for all units of the 
Late Igdlerfigsalik centre. 
ZE 
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Figure 5.12: Partially altered alkali feldspars viewed under CL. Note the way 
that alteration is localised around grain boundaries and that one feldspar 
phase is preferentially reddened. The orange luminescent mineral at the 
nodes of alteration is calcite (Sample GGU 43973). (Field of view 4 
mm). 
.- 	







Figure 5.13: Micropores in alkali feldspars from Late Igdlerfigsalik. Sample 
is viewed using secondary SEM techniques (Sample ARM 5B). 
(Photograph courtesy of David Walker). 
luminescence colours and intensities. Many exchange mechanisms have been 
subsequently described to control apatite luminescence in detail. Yellow 
apatite luminescence is known to arise from electron exchange between Mn2+ 
and other multivalent elements (e.g. Sn4 , Pappalardo and Peters, 1984): 
?vin2 + Sn4 = Mn + Sn2 
By analogy with carbonates (Marshall, 1988) electron exchanges 
between Fe3+  and Mn2+  may also be important in apatite luminescence, and a 
coupled exchange of Fe3 and Si 4 for Ca2' and P5 respectively has been 
described as a mechanism for the incorporation of iron into apatite (Azimov et 
al., 1984). Fe-bearing apatites (FeO=7.65% max) have been observed in the 
present study from mafic layers of the S14 unit (e.g. sample HAR MSA), but 
recalculation of analyses indicates that a significant proportion of the iron is 
divalent and substitutes for calcium (Table 5.3). Mariano and Ring (1975) 
demonstrated blue luminescence in many minerals including apatite, 
describing Eu2 as the activator. This was confirmed by the detailed work of 
GaIt (1984). Blue luminescent apatites are described by Rae (1988) from the 
nearby North Qôroq centre, but such luminescence has not been observed at 
Igdlerfigsalik. Brown-yellow luminescence has been discussed by Roeder et 
al. (1979), who showed that colours were controlled by levels of rare-earths, 
and zoning is related to variation in RE-contents. The mechanism described 
by Roeder et al. coincides closely with observations at Igdlerfigsalik. 
Zoning textures can also be viewed in apatites using back-scattered 
SEM imagery, due to the increase in the average relative molecular mass of 
the apatites as a result of RE-enrichment. CL is a superior technique for the 
examination of zoning in larger apatites, since variations in colour can 
distinguish between two RE-dependent mechanisms (see below), a difference 
lost using SEM. However, some zoning patterns can only be viewed using 
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eD 
In 814 815 816 817 AG 
63813 ARM 58 ARM 6A 43960 43867 
F 5.29 5.09 6.19 6.51 n.d. n.d. 6.26 5.28 5.03 4.73 
Cl 0.05 0.05 0.01 0.02 0.00 0.00 0.00 0.02 0.11 0.14 
Na10 0.18 0.16 0.37 0.35 0.16 0.20 0.44 0.20 0.02 0.01 
K2() 0.01 0.01 0.02 0.01 0.00 0.04 0.32 0.00 0.00 0.01 
CaO .52.98 52.54 48.29 52.00 5236 53.94 48.87 51.85 5232 52.79 
MgO 0.00 0.01 0.00 0.00 0.00 0.14 0.00 0.00 0.15 0.11 
• 	 FeO 0.21 0.34 0.36 0.19 0.43 0.21 0.13 0.24 0.18 0.16 
La203 0.26 0.22 1.70 0.89 1.42 0.55 0.71 0.41, 0.04 0.05 
Ce203 0.54 0.45 3.63 1.81 2.65 1.14 1.52 0.80 0.14 0.10 
g. Pr203 0.15 0.09 0.27 0.22 n.d. n.d. 0.21 0.00: 0.12 0.12 
Nd203 0.27 0.20 1.42 0.74 n.d. n.d. 0.64 0.36 0.09 0.07 
Sm203 0.03 0.08 0.25 0.09 n.d. n.d. 0.06 0.03 0.00 0.00 
Si02 0.26 0.18 2.42 0.97 1.39 032 2.83 0.32 0.16 0.14 
CD • P205 41.84 41.86 36.77 39.71 39.77 41.27 39.68 4143 42.05 41.89 
O=F 2.65 235 3.10 3.26 n.d. n.d. 3.13 2.64 231 2.36 





backscattered SEM techniques, since some small variations in composition do 
not bring about visible differences in luminescence. 
Zoning textures in the Igdlerfigsalik apatites can be broadly classed 
into five categories, summarised diagramatically in Figure 5.14. These zoning 
patterns are:- a). Oscillatory, where regular polygonal concentric zones 
represent fluctuations in RE-activities during growth (Figure 5.14a). This 
zoning is interpreted as a magmatic feature. b). Irregular concentric, where 
metasomatism along crystal edges has affected the RE-levels on the surface of 
the crystal (Figure 5.14b). c). Fracture, where zoning is symmetrical around 
small microfractures in the apatite (Figure 5.14c). d). Overgrowth, where new 
apatite is deposited syntactically onto pre-existing apatite, sometimes filling a 
void in the cumulus pile (Figure 5.14d). and e). Chaotic, where a complex and 
irregular zoning pattern is observed (Figure 5,14e). Chaotic zoning may result 
from the complex superposition of many types of zoning pattern, or be due to 
irregular dissolution/reprecipitation mechanisms. All but oscillatory zoning 
are believed to be indicative of metasomatism. A sixth minor zoning pattern 
(observed only under backscattered SEM) is Sector zoning (e.g. Figure 5.16). 
Analyses of apatite compositions from Igdlerfigsalik (Table 5.3) show 
that most are fluorapatites, with minimal exchange of chlorine and hydroxyl 
for fluorine. The significance of F-U-OH ratios in apatites is discussed in a 
separate section below (Section 5.9). Rare earth contents are highly variable, 
and some analyses show considerable sodium and silicon contents. A plot of 
atoms of Ce (the most abundant rare earth) against Na and Si on a triangular 
diagram (Figure 5.15) shows that two exchange mechanisms control apatite 
compositions. 
Ca2 + Ca2 = Na + 
apatite 	vitusite 
Ca2 + P5 =RE3'+Si4 
apatite 	britholite 
MI 
Apatite zoning Classification scheme 65 





Fracture J C 
Chaotic = 1. Complex superposition of 
many types of zoning pattern 
2. Irregular dissolution 
and reprecipitation 
Figure 5.14: Simplified scheme for the classification of apatite zoning 




Figure 5.14a: OSCILLATORY zoning in apatites (Sample HAR 21 7). (Field 
of view 1 mm). 
Figure 5.14b: IRREGULAR CONCENTRIC zoning in apatites, with two 
zones marked IC! and 1C2. The sample also demonstrates a small 
syntactic overgrowth, marked 0. This view is taken by back scattered 




dlI1II 	 I 
Figure 5.14c: FRACTURE zoning texture in apatite. Note the way in which 
zoning is symmetrical around microfracrures. This view is seen using 
CL (Sample GGU 59690). (Field of view 4 mm). 
Figure 5.14d: OVERGROWTH texture in apatite, marked 0 (Sample QTI4). 
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Figure 5.15a: Chaotically zoned apatite with 4 zones. The 4 zones are 
labelled below and correspond to the compositional plots. Photograph 
taken using CL (Sample ARM 5B). (Field of view 1 mm). 
50n 0 	 BR 
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20 
IUJ 	 90 	 80 
APATITE 
Figure 5.15b: Triangular plot of Apatite sensu stricto: Vitusite: Britholite end-
members (see text for definition of the end-members). Symbols 
correspond to the zones of the apatite defined in Figure 5. 15a. 
WO 
in wt% Symbol Na20 La203 Ce203 Si02 
White W 0.306 0.765 1.387 0.399 
0.279 0.488 1.404 0.328 
L. Grey L 0.178 0.821 1.709 0.596 
0.137 0.605 1.507 0.555 
D. Grey I) 0.447 1.781 3.721 2.007 
0.476 2.098 3.920 2.106 
Red R 1.005 1.621 3.279 0.301 





Figure 5.15c: Triangular plot of atoms Na:Ce:Si in the zones of the apatite 
shown in Figure 5.15a. Representative values of weight percent Na 2O, 
La203, Ce203 and Si02 for each of the zones is also presented. Symbols 
correspond to the zones as defined above. 
ill 
Many RE/Na/Si apatite derivatives have been described from alkaline 
rocks. There has been much repetition in the, naming of apatite-derivative 
minerals, and the nomenclature of this mineral group has been reviewed by 
Nriagu (1984). Pure calcium phosphate is termed apatite sensu stricto. 
Vitusite is an orthorhombic Na, RE-phosphate (Na3RE(PO4)2) (Rønsbo et al., 
1979) with an a-K2SO4-derived structure (Salmon et al., 1978). This mineral 
has pseudohexagonal symmetry and appears to be the extreme product of Na, 
RE-coupled exchanges in apatites. A britholite is an apatite-type mineral 
where RE and Si exchange for Ca and P respectively. Natural britholites often 
also show vitusite-type (Na, RE for Ca) exchanges. Abukumalite, bec/celite 
and lessingite are discredited names for britholite, which still appear in the 
literature. (Belovite is a fourth apatite end-member, not encountered at 
Igdlerfigsalik, containing significant Sr and commonly showing vitusite-type 
exchange.) 
Magmatic compositions are generally those closest to apatite sensu 
stricto, with RE203-contents of some highly metasomatised apatites reaching 
10% (Table 5.4). In some spectacular examples of chaotic zoning (e.g. in S15, 
Figure 5.15), the whole range of compositions found at Igdlerfigsalik may be 
found in one apatite. 
Syntactic overgrowths sometimes occur on apatites, and where this is 
so, overgrowths can have high Na-contents, in addition to enrichment in REs 
and Si. An excellent overgrowth from 515 (Sample GGU 41923) is shown in 
Figure 5.16 using back-scattered SEM imagery. Small syntactic overgrowths 
on apatites are also very common from S17, where adjacent small apatites 
may in some cases be seen to become cemented together. 
Chaotic zoning is characteristic of the Early Igdllerfigsalik syenites and 
S15, but simpler zoning patterns become dominant in later intrusions. In the 
last unit (S17), three apatite zones are consistently observed. Three zones in 
the youngest intrusion can be explained in terms of alteration by one fluid. 
71 
Zone R R U U 
F 6.33 6.19 6.44 6.24 
Cl 0.01 0.01 0.02 0.02 
Na20 1.23 1.34 0.33 0.27 
K2t) 0.01 0.01 0.02 0.00 
CaO - 	 49.69 49.33 49.54 48.57 
FeO 0.03 0.03 0.11 0.19 
La203 1.46 1.50 1.66 1.93 
Ce203 3.07 3.19 3.57 4.44 
Pr203 0.27 0.38 0.29 0.38 
Nd203 1.28 1.43 1.47 1.86 
Sm203 0.23 0.24 0.23 0.27 
SiO2 0.56 0.39 2.51 3.48 
39.06 39.33 36.71 34.96 
O=F 3.16 3.10 3.22 3.12 
Total 99.77 100.27 99.68 99.46 
F 3.53 3.45 3.63 3.57 
Cl 0.00 0.00 0.01 0.01 
Total 3.53 3.45 3.64 3.58 
Na 0.42 0.46 0.12 0.09 
K 0.00 0.00 0.00 0.00 
Ca 9.39 9.31 9.47 9.41 
Fe 0.01 0.00 0.02 0.03 
La 0.10 0.10 0.11 013 
Ce 0.20 0.21 0.23 0.29 
Pr 0.02 0.02 0.02 0.03 
Nd 0.08 0.09 0.10 0.12 
Sm 0.01 0.02 0.01 0.02 
Total 10.23 10.21 10.08 10.12 
Si 0.10 0.07 0.45 0.63 
P 5.84 5.87 5.54 5.35 
Total 5.94 5.94 5.99 5.98 
Table 5.4: Compositions of chaotically zoned apatite from the Late 
Igdlerfisalik S15 unit. The letters refer to zones described in 
Figure 5.15a. Apatites are recalculated to 25 oxygen atoms. 
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Zone L L W W 
F 6.55 7.83 n.d. n.d. 
Cl 0.03 0.03 0.00 0.00 
Na 0 0.33 0.34 0.18 0.28 
K)) 0.00 0.00 0.04 0.00 
CaO 48.35 52.50 51.93 53.23 
FeO 0.04 0.10 0.33 0.05 
L8203 2.00 1.01 0.82 0.49 
Ce203 4.25 2.05 1.71 1.40 
Pr 03 0.37 0.28 n.d. n.d. 
Nc403 1.77 0.71 n.d. n.d. 
Sm203 0.27 0.27 n.d. n.d. 
SiO2 3.17 0.87 0.60 0.33 
P205 35.69. 39.23 39.69 41.00 
O=F 3.28 3.92 n.d. n.d. 
Total 99.54 101.30 n.d. n.d. 
F 3.73 4.31 n.d. n.d. 
Cl 0.01 0.01 0.00 0.00 
Total 3.74 4.32 n.d. n.d. 
Na 0.12 0.12 0.06 0.09 
K 0.00 0.00 0.01 0.00 
Ca 9.33 9.78 9.74 9.76 
Fe 0.01 0.01 0.05 0.01 
La 0.13 0.07 0.05 0.03 
Ce 0.28 0.13 0.11 0.09 
Pr 0.02 0.02 n.d. n.d. 
Nd 0.11 0.04 n.d. n.d. 
Sm 0.02 0.02 n.d. n.d. 
Total 	. 10.02 10.19 10.02 9.98 
Si 0.57 0.15 0.10 0.06 
P 5.44 5.77 5.88 5.94 
Total 6.01 4.92 5.68 6.00 
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Table 5.4 (continued): 
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Figure 5.16: Complex zoning patterns in apatites (Sample GGU 41923, unit 
S15), viewed using backscattered SEM techniques. 
In the top photograph (Ap3.2), the apatite demonstrates a syntactic 
overgrowth (Ov), in addition to oscillatory (Os) and sector (S) 
zoning. The bottom photograph is another apatite adjacent to that 
above. Oscillatory (Os) and sector (S) zoning are still observed. The 
discontinuous nature of the zones indicates that a period of 
dissolution has occurred, and overgrowth of new material (Ov) has 
taken place. 
From textural examination, it is clear that syntactic 1 precipitation of new 
apatite material gives rise to the brightest zone, with the darkest zone (usually 
the core) representing the original magmatic composition. In addition to 
precipitation of apatite, irregular concentric zoning appears to arise from 
diffasion of RE, Si and Na into pre-existing apatite and are those zones of 
medium brightness under CL. The differences in composition between 
diffusive and precipitated apatite may, in part, arise from differences in the 
diffusion rates of the elements involved in the exchange (RE, Si, Na Ca, P). 
Exchange mechanisms, involving the britholite exchange alone, have 
been described from the North Qôroq centre by Rae (1988), and the operation 
of both mechanisms simultaneously has been observed from the llfmausaq 
intrusion by RØnsbo (1989). Apatite metasomatic overgrowths, however, are 
as yet undescribed. The deposition of apatite in this manner would require 
calcium, fluorine and phosphorus to be significant components of the 
metasomatic fluid. The presence of calcium and fluorine is attested to by the 
common association of fluorite with alteration at Igdlerflgsalik (see below), 
and the phosphate mineral lomonosovite (Na 2Ti2Si209.Na3PO4) is described 
as a late-stage mineral from the agpaitic llumausaq complex by Karup-Moller 
(1983), indicating that phosphorus is also concentrated in evolved fractions. 
As is discussed above, new apatite compositions can be considered to 
be formed either by diffusion or by precipitation mechanisms. Both exchange 
mechanisms observed in the Igdlerfigsalik rocks cause distortion of the apatite 
crystal structure, with vitusite exchange leading ultimately to orthorhombic 
symmetry, and britholite exchange giving a monoclinic unit cell. Britholite-
type exchanges, however, have been shown to take place to significant RE 
concentrations without loss of symmetry (Ito, 1968), and this is consistent 
with diffusive metasomatism. In extreme compositions, however, the 
hexagonal symmetry of apatite is lost to give a monoclinic P2 1 space group 
(De-yu et al., 198 1) due to differences in the ionic-radii of Ca2 and the larger 
.syntactic : fornied in optical and crystaftraphic 
continuity with the host 	-- - 
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rLi 
RE3 	(ca2 1.®A La31 106A Shannon and Prewitt, 1968). Diffusion 
of Sm, Sr and Pb (Ionic radii: Sm3 =0.96A, Sr2 =1.16A, 	+1J94,( 
Shannon and Prewitt, 1968) in apatites has been studied by Watson et al. 
(1985), who showed not only that diffusion of REs and Sr in the apatite 
structure was possible, but also that it obeyed regular Arrhenius-type patterns 
at high temperatures (1050-1200*C). Diffusion profiles for Pb were more 
irregular. Farver and Giletti (1989) also studied Sr and 0 diffusion in apatites, 
but at lower temperatures, and discovered Arrhenius-type diffusion still 
occurred at subsolidus temperatures (650-1000°C). Although no data exist  
regarding the diffusion of Sm below the solidus temperatures of nepheline 
syenitic magmas, the continuation of Sr-diffusion into this temperature range, 
and the larger ionic radius of Sr2+  with respect to 5m3+,  suggests that 
subsolidus diffusion of REs into apatites is possible. Studies on the diffusion 
of silicon and sodium are not reported at either low or high temperatures, but 
since these ions are equivalent to or smaller than the RE3+  ions (La3+=  1.06A, 
Na= 0.99A, Si4 = O.40A; Shannon and Prewitt, 1968), it is reasonable to 
suggest that diffusion of these elements is also possible. It appears therefore, 
that structural controls are not responsible for the absence of diffusion-related 
Na-bearing apatite, and hence it is likely that sodium speciation is inhibiting 
Na-uptake by apatites (see Section 7.2). 
Mayer et al. (1974) studied the vitusite-apatite solid solution and 
found apatite-type structures in all phases up to a composition of 
Ca2Na4RE4(PO4)3F2. Continued enrichment in Na and RE lead to structures 
not of the apatite-type, and these correspond to the natural orthorhombic 
mineral vitusite (Na3RE(PO4)2) (Rønsbo et al., 1979). From examination of 
irregular concentric zoning in Igdlerfigsalik apatites, only variation in levels 
of the britholite-type exchange have been observed, with sodium-enrichment 
usually minimal. 
Chaotic zoning patterns are thought to arise either from the complex 
superposition of oscillatory, irregular concentric and overgrowth zoning 
patterns, or by irregular dissolution/precipitation processes. Many generations 
of fluids from later units may be involved. This hypothesis is supported by the 
absence of chaotic zoning from the youngest 517 unit and its common 
occurrence in the Early Igdlerfigsalik centre and the 515 unit. 
5.6 Interconversion offeldspatlzoids 
Feldspathoids are a family of related structures, essential to 
undersaturated igneous rocks. Nepheline, cancrinite and sodalite have all been 
reported from the Late Jgdlerfigsalik rocks (Powell, 1976, 1978; Emeleus and 
Harry, 1970). Conversion of nepheline to cancrinite or sodalite has been 
achieved experimentally (e.g. Barker, 1976; Sharp et al., 1989) at pressures 
and temperatures appropriate to Igdlerfigsalik• metasomatism (1 kbar, 300-
600t), and hence it is possible that the presence of cancrinite and sodalite in 
these rocks is a result of metasomatism. 
The observation of cancrinite, identified by higher birefringence than 
nepheline, between nepheline and calcite (Figure 5.2) is consistent with a 
secondary mode of formation for this mineral in the Late Igdlerflgsalik rocks. 
In addition, a cancrinite-alkali feldspar intergrowth (OGU 326391) is 
interpreted as secondary after a nepheline-alkali feldspar intergrowth. 
6 NaAISiO4  +2 CaCO3 = Na6AI6S¼024.Ca2(CO3)2 
nepheline 	from the fluid 	cancrinite 
Contacts between nephelines and sodalites in alkaline igneous rocks 
are often difficult to view in thin section, especially if the boundary between 
them is oblique to the plane of the section. In addition, sodalite is often 
anisotropic and hence difficult to distinguish from sections of nepheline cut 
close to the optic axis. However, these two minerals can be clearly 
distinguished under cathodoluminescence due to their different luminescence 
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characteristics. In addition, since the CL-colours depend only on the upper 
few microns of the sample, the apparent gradational changes in the optical 
properties of oblique boundaries is circumvented. Sodalites from the 
Igdlerfigsalik centres, and moreover from throughout the Gardar Province, 
have all been observed to luminesce an orange colour, and nephelines are very 
poorly luminescent. Orange luminescence in sodalites has been described by 
Schipper et al. (1972) from synthetic sodalites, where the luminescence 
colours derive from electron exchange between Fe2+ and S impurities. 
Nephelines, cancrinites and sodalites are found in all of the syenitic 
units of the Late Igdlerflgsalik centre, with the exception of some fades of the 
S14 augite syenite. Some samples of S14, however, are slightly undersaturated 
and contain feldspathoid either as small inteititial patches or as vermicular 
intergrowths inside alkali feldspar. This latter texture may result from 
exsolution (Widenfalk, 1972) Under CL, contacts between nepheline and 
sodalite may be readily viewed, by contrasting the bright orange colour of 
sodalite with the non-luminescent colour of nepheline (e.g. Figure 5.17). 
Observations of nepheline I sodalite contacts in the Late Igdlerfigsalik 
rocks have shown that the contacts are commonly embayed (e.g. Figure 5.18), 
a texture consistent with the hypothesis that the sodalite is secondary after 
chlorination of nepheline: 
6 NaAlSiO4  +2 N? +2CY = Na8Al6Si6O24Cl2 
nepheline 	from the fluid 	sodalite 
The transformation from nepheline to sodalite results in an increase in 
the equivalent unit cell volume, and it is observed that where chlorination has 
been pervasive in the Late Igdlerfigsalik rocks, sodalites are fractured with a 
secondary deep-blue luminescent mineral infilling interstices (Figure 5.19). 
The deep blue luminescence of this mineral fades with exposure to the 
electron beam. Two possibilities were considered as the identity of the deep-
blue mineral: first, it is known that some synthetic sodalites can luminesce 
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Figure 5.17: Contact between nepheline and sodalite, viewed under CL. The 
orange sodalite can be seen to possess embayed contacts against the 
poorly luminescent nepheline (Sample GGU 43973, unit S13). (Field of 
view 4 mm). 
od 	 _ 
Figure 5.18: Interstitial original nepheline, being replaced in situ by sodalite, 
viewed under CL. Sodalite luminesces orange, and nepheline is poorly 
luminescent; akali feldspar primocrysts are luminescing blue and pink. 
The sodalite may be seen to be veined by deep blue luminescing fluorite 
to the right of the picture, and has embayed contacts against the 
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Figure 5.19: Sodalite viewed under CL, with veining by deep blue 
luminescent fluorite. Note the patches of orange luminescing calcite 
(Sample QT9). (Field of view 4 mm). 
deep-blue, and that this luminescence fades with longer exposure (Hassib et 
al., 1977). However, a similar luminescence has been observed in fluorite 
(Marshall, 1988). Larger grains of the deep-blue mineral were observed 
adjacent to the vein-network texture, and electron-probe analysis confirmed 
the identity of these grains as fluorite. The cause of the deep blue 
the 
luminescence in both sodalite and fluorite is due to/same effect, namely the 
presence of Frenkel-defect centres in the lattice (i.e. electrons in the positions 
of Cl and F respectively), and it has been further shown in fluorites by Blake 
et al. (1988) that exposure to the electron beam is capable of both creating and 
destroying such defects. Hence it is still possible that larger grains are fluorite, 
whereas the mineral in the vein network is a modified sodalite. Fluorite 
analyses could not be obtained from the vein network, although fluorine was 
consistently observed in electron probe analyses of sodalites. Since F is not 
compatible in sodalites, this suggests that the blue mineral is indeed fluorite. 
The veined sodalite texture was also examined under back-scattered electron 
microscopy. If the blue luminescence was due to small defects in the sodalite, 
then the network would be invisible using back-scattered electrons, since the 
change in relative molecular mass caused by a defect would be nil. However, 
if the blue luminescence was due to fluorite, then the veining would be 
visible, since fluorite and sodalite have different relative molecular masses. A 
view of a sodalite network under backscattered SEM is presented in Figure 
5.20. In this photograph, the vein network is visible as trains of solitary grains 
in the sodalite, associated with micropores (see later), and hence the identity 
of the blue luminescent mineral can be confirmed as fluorite. 
According to the experimental work of Richardson and Holland 
(1979), the solubility of fluorite increases with increasing salinity in 
hydrothermal brines. Local reductions in the salinity of the metasomatic fluid, 
caused by the chlorination of nepheline, would reduce the solubility of fluorite 
in the system and cause its precipitation around and within the fractured 
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Figure 5.20: Sodalite/fluorite texture viewed under SEM. 
On the backscattered image (top), the black areas correspond to 
scratches on the slide (S), micropores in the sodalite (M) and discreet 
fluorite grains (F). The micropores and scratches are distinguished 
from the fluorite grains, since the former are visible on the secondary 
electron image (bottom). The association of fluorite with the 
micropores in trains indicate that the micropore system acted as a 
conduit to metasomatic fluids (Sample GGU 58230). 
sodalite. Hence, veining and the association of fluorite is taken to indicate that 
a sodalite is formed in the subsolidus, by replacement of nepheline. 
This allows secondary sodalite to be identified, even when the original 
nepheline is no longer present. All of the units of the Late lgdlerfigsalik centre 
show sodalite-fluorite associations consistent with sodalite being present by a 
process of replacement, and in some examples, embayed contacts against 
nephelines are also preserved. The presence of metasomatic sodalites 
indicates that the fluid was rich in chlorine and sodium, a suggestion 
supported by the presence of halite crystals in fluid inclusions (Konnerup-
Madsen, 1984). 
As has been discussed previously (Chapter 3), turbidity in alkali 
feldspars is caused by the presence of small micropores (Worden et al., 1990). 
Furthermore, these micropores provide a network through which fluid flow 
may occur (Walker, in press), and hence assist in the process of subsolidus 
alteration. The presence of turbidity in nephelines, directly analogous to that 
observed in alkali feldspars, suggests that feldspathoids too may possess 
micropores. In the case of the alkali feldspars, it has been suggested that 
primary microporosity results from the exsolution of water from the feldspar 
structure, hence pristine alkali feldspars should contain greater amounts of 
water than altered ones. Non-turbid nephelines have been shown to contain up 
to 0.5% water (Beran and Rossman, 1989), a far greater amount than is 
observed in most analyses, and by analogy with structurally similar alkali 
feldspars, it is possible that alteration of nepheline is pervasive because of 
water exsolution and the development of micropore networks. Scanning 
electron microscopy of the surfaces of feldspathoids has confirmed the 
presence of micropores in these minerals (Figure 5.21), and furthermore, the 
levels of microporosity observed are relatively high with respect to alkali 
feldspars. 
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Figure 5.21: Micropores in nepheline (Sample GGU 58230). This SEM 
photograph is taken using secondary electrons from a polished thin 
section, hence the poor relief. 
84 
SEM studies of the sodalite/fluorite association (see above) have 
shown that the grains of fluorite are associated with lines of micropores. Since 
the fluorite is known to be secondary, and that given the role of fluid flow 
through micropore systems in alkali feldspars, it is reasonable to suggest that 
the fluorite has been precipitated from a metasomatic fluid passing along the 
micropore network in the sodalite. This indicates that microporosity in 
feldspathoids may be important in their interconversion. 
5.7 Other luminescent minerals 
In addition to the minerals described above, cathodoluminescence 
studies of the Igdllerfigsalik rocks have demonstrated the presence of small 
grains of other luminescent minerals, invisible using normal methods of 
optical microscopy. The identity of these minerals has been confirmed using 
precise electron-probe analyses. Small grains of calcite (yellow), fluorite 
(deep blue) and zeolites (yellow, Figure 5.22) have been found associated 
with non-luminescent secondary micas in areas of metasomatic alteration 
(Figure 5.23). Very bright green grains may represent either magmatic garnets 
or zinc minerals (e.g. genthelvite). Analyses have confirmed that at least some 
of these bright green phases are garnets. Although no analyses of Zn-rich 
phases have been forthcoming from the Igdlerfigsalik rocks, the presence of 
these has been confirmed from the Motzfeldt SM6 unit (Chapter 11). 
These luminescent minerals are considered to be formed by 
precipitation from the metasomatic fluid, and their compositions give insights 
into the chemistry of that fluid. Calcites are generally nearly pure calcium 
carbonate, although irregular %-level contents of Mn and Fe are occasionally 
detected (Table 5.5). On larger grains, zoning is sometimes seen using CL 
(Figure 5.24). Fluorites are always pure calcium fluoride, with rare-earth 
contents below detection of the electron probe (<0.1%). The compositions of 
zeolites are very irregular (Table 5.5), and give low totals due to the presence 
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Figure 5.23: Patches of calcite associated with feldspar turbidity and 
micaceous alteration, viewed under CL. The calcite luminesces bright 
yellow; metasomatised and unmetasomatised alkali feldspars are 
luminescing red and blue respectively (Sample GGU 43988). (Field of 
view 4 mm). 
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Figure 5.24: Large patch of calcite, viewed under cathodoluminescence. The 
calcite shows irregular zoning patterns (Sample ARM 5B). (Field of 
view 4 mm). 
Calcite 314 S14 314 S15 315 315 S15 315 
63813 ARM 40 ARM 40 ARM SB ARM SB ARM SB ARM SC ARM SC 
CaCO3 94.81 100.64 98.49 95.70 94.63 92.03 99.49 95.27 
- SrCO3 0.68 0.19 0.00 0.03 0.07 0.13 0.38 0.40 
BaCO3 0.19 0.01 0.10 0.00 0.00 0.28 0.20 0.25 
Mg003 0.20 0.11 0.12 0.00 0.18 0.32 0.01 0.00 
N1CO3 0.14 0.00 0.17 0.11 0.90 0.00 0.00 0.07 
t MnCO3 1.10 0.00 0.34 0.66 0.61 2.00 0.03 0.15 
n FeCO3 0.26 0.61 0.07 0.38 0.71 1.19 1.03 0.79 
CD 
Total 97.38 101.56 99.29 96.88 97.10 95.95 101.14 96.93 
CD 
CD Calcite 98 100 100 99 98 97 99 99 
Stront. 1 0 0 0 0 0 0 0 
Rhodo. 1 0 0 1 1 2 0 0 
Siderite 0 0 0 0 1 1 1 1 
CO 
Zeolites 515 Sl5 S16 Fluorite S13) (S13) 
ARM SD ARM 50 ARM S16 43973 43973 
. Si02 46.49 48.31 47.04 CaF2 103.85 104.18 
A1203 31.92 35.35 26.52 NaF 0.19 0.18 
a FeO 0.88 0.82 0.12 LaF3 0.00 0.01 
N Op 
• 	 CaO 12.62 0.80 0.29 YF3 0.00 0.00 
Na2O 1.56 2.48 14.68 
CD 1(20 5.36 8.08 0.12 Total 104.04  104.37 
BaO 0.09 0.00 0.06 • -- 
- 
I Total 98.92 95.84 88.83 
of significant water. Zeolite analyses are distinguished from poor totals of 
other aluminosilicates using the stoichiometric ratio 0/(Al+Si)=2. Where 
these minerals are observed as small disseminated grains, they are usually 
spatially related to areas of turbidity in alkali feldspars (e.g. Figure 5.25). 
In addition to the finely disseminated grains, all three positively 
identified minerals can occur as veins or macroscopic crystals. Their presence 
indicates that the metasomatic fluid contained significant calcium, carbon 
dioxide, fluorine, sodium, aluminium and silicon, either as free ions or as 
complexes. The presence of carbon dioxide is known from fluid inclusions 
(Konnerup-Madsen, 1984), and that of sodium and incompatibles is suggested 
by the common sodium- and zirconium-rich metasomatic zoning of 
pyroxenes. Many of these incompatible metals will be transported as fluoro-
complexes, and the precipitation of fluorite alone, therefore may be in 
response to, for instance, the breakdown of one of these complexes due to 
chemical; pressure or temperature changes. These would locally increase F 
concentrations and exceed the solubility product of fluorite. In addition, due 
to the dependence of fluorite solubility on NaCI-content (Richardson and 
Holland, 1976), precipitation of fluorite alone may be as a result of sudden 
drops in The salinity of the fluid. The precipitation of calcite and fluorite 
together, is most likely due to localised increases in the calcium ion 
concentrations, due to cation exchange with the rock. The precipitation of 
calcite alone is more difficult to explain, and may not only be related to 
breakdown of carbonate complexes, but, due to the complex solubility pattern 
of calcite (Fein and Walther, 1987), may also be related to either increases or 
decreases in temperature. 
5.8 Fluorine-contents of biotites 
The fluorine contents of biotites have been used for over a decade to 









Figure 5.25: Cathodoluminescence (top) and plane polarised light (bottom) 
views of the same area of an altered augite syenite sample from Late 
Igdlethgsalik (S14, sample GGU 68313). (Field of view 4 mm). 
Biotite can be identified in the ppl (lower) view by its orange colour 
and cleavages, and these correspond to the non-luminescing areas in 
the CL view. In the top view, bright deep blue luminescing grains of 
fluorite can be observed, invisible in the ppl view using normal 
methods of optical microscopy. 
Munoz and Ludington (1974). These authors suggested that since the fluorine 
atom in trioctahedral micas is bound relatively loosely to the silicate 
framework, halogen to hydroxyl ratios are not necessarily inherited from 
magmatic conditions, but can provide information about the activities of HF 
and HCl in late-stage fluids. This technique has been applied to calculate 
halogen acid concentrations of metamorphic, ore and igneous fluids (see 
Chapter 8 for a review). In the Gardar province, the technique has been 
applied to the Klokken stock by Parsons et al. (in press). They found that 
biotite fluorine compositions varied antipathetically with the iron-content of 
the biotite, the so-called 'iron-fluorine avoidance' rule. Although a detailed 
argument of the shortcomings of the technique is beyond the scope of this 
section, and is included in Chapter 8, several serious problems with the use of 
the technique have been encountered, and this has meant that its application in 
any quantitative sense is strictly avoided here. The fluorine contents of 
biotites from all of the syenitic units of the Late Igdleruigsalik centre have 
been examined and compared (Table 5.6). In contrast to the regular pattern 
observed in the Klokken intrusion, samples from Igdlerflgsalik (Figure 5.26) 
show much spread of values from very high to very low levels. However, a 
maximum upper limit to all the analyses, although much steeper, appears to 
correspond to the regular line observed at Klokken, showing again classic 
iron-fluorine avoidance. Individual samples and, in some cases, single grains 
can show a range of both high- and low-fluorine biotite compositions. The 
maximum line for the SI4 and S15 units show relatively high-fluorine trends, 
whereas the slope for S16 and SI7 is distinct and significantly lower. Both 
lines pass closely by or through the point (1,0). 
• 	The data from the SI4 and S17 units differ from those of Klokken, and 
of S15 and S16, in that, instead of a simple relationship between iron and 
fluorine contents of biotites, a spread of data exist from high to low fluorine 
levels for the same iron content. It is possible that some of the low-fluorine 
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• 514 68313 HAR1A HAR1C HAR1F HAR1F 
K20 8.98 9.18 8.35 8.44 9.35 
Na2O 0.39 0.35 0.14 0.30 0.36 
CaO 0.00 0.01 0.08 0.04 0.03 
MgO 8.23 6.68 3.66 8.45 11.80 
MnO 0.35 0.46 0.69 0.25 0.23 
FeO 22.05 25.37 33.46 28.77 20.62 
A1203 13.24 12.57 10.53 11.96 12.03 
• 5 Ti02 7.04 6.13 4.50 4.49 4.63 
Si02 34.94 35.16 32.72 32.78 37.62 
F 0.33 0.36 0.77 1.03 1.53 
Total 95.55 96.27 94.90 96.51 98.20 
Interlayer site 
K 1.79 1.93 1.80 114 1.81 
Na 0.12 0.11 0.05 0.10 0.11 
E- 2. Ca 0.00 0.00 0.02 0.01 0.00 
Total 1.91 2.04 1.87 1.85 1.92 
Octahedral site 
Mg 1.91 1.64 0.92 2.04 2.67 
Mn 0.05 0.06 0.10 0.03 0.03 
a B Fe 2.88 3.50 4.72 3.89 2.62 
- Total 4.84 5.20 5.74 5.96 5.32 
fiQ 
r Tetrahedral site 
Al 2.44 2.44 2.10 2.28 2.16 
Ti 0.83 0.76 0.57 0.55 0.53 
Si 5.45 5.80 5.52 5.30 5.71. 
Total 8.72 9.00 8.19 8.13 8.40 
FF F 0.16 0.19 0.41 0.53 0.74 
Fe/(Fe+Mg) 0.60 0.68 0.84 0.66 0.50 
515 QT8 ARM 5C ARM 5C ARM 5A ARM 5B 
9.41 7.24 8.49 9.03 9.17 
0.08 0.13 0.03 0.41 0.21 
0.03 0.11 0.04 0.00 0.04 
2.78 0.40 1.26 3.48 4.42 
1.47 2.04 2.53 0.55 0.57 
33.07 39.95 38.03 31.04 30.80 
11.94 11.92 10.14 12.38 10.64 
2.46 0.42 0.39 5.75 3.38 
34.94 31.55 33.90 	• 34.20 35.98 
0.03 0.00 0.05 0.52 0.14 
96.21 93.76 94.86 97.36 95.35 
1.97 1.62 1.87 1.85 1.91 
0.03 0.05 0.01 0.13 0.07 
0.01 0.02 0.01 0.00 0.01 
2.01 1.69 1.89 1.98 1.99 
0.68 0.10 0.32 0.84 1.08 
0.21 0.30 0.37 0.08 0.08 
4.55 5.86 5.48 4.18 4.20 
5.44 6.26 6.17 5.10 5.36 
2.31 2.46 2.06 2.35 2.05 
0.30 0.06 0.05 0.70 0.41 
5.74 5.53 5.84 5.50 5.87 
8.35 8.05 7.95 8.55 8.33 
0.01 0.00 0.03 0.27 0.07 
0.87 0.98 0.94 0.83 0.80 '0 
S16 S17 41976 41944 41984B 46232 41978 QT9 0T11 QT14 QT9 QT13 AG 43687 
K2O 7.19 9.42 8.73 8.77 8.63 9.23 9.00 9.37 9.32 9.26 8.70 
Na2O 0.31 0.31 0.07 0.19 0.16 0.29 0.22 0.27 0.25 0.31 0.77 
Co 
C . CaO 0.03 0.03 0.04 0.07 0.08 0.05 002 0.00 0.08 0.02 0.00 
MgO 5.41 12.18 0.14 3.43 1.72 3.84 2.69 0.96 4.08 3.54 12.27 
as MnO 0.33 0.12 7.73 0.24 0.74 1.15 0.76 0.74 1.33 0.37 0.08 
' FeO 35.14 18.74 32.85 31.45 35.70 31.66 34.20 34.24 30.99 31.90 15.75 
E. A1203 9.53 11.81 10.20 10.69 9.10 11.12 11.26 11.17 10.82 11.40 13.69 
Ti02 9.00 5.47 0.64 5.56 4.09 3.91 3.25 4.71 3.77 5.65 8.82 
a SiO2 29.31 36.88 34.60 34.94 33.56 34.44 33.86 34.50 34.96 34.59 36.10 
F 0.67 1.37 0.02 0.04 0.09 0.34 0.17 0.22 0.34 0.23 0.38 
Total 96.92 96.33 95.02 95.38 93.87 96.03 95.43 96.18 95.94 97.27 96.56 
Inteflayer site 
K 1.86 1.85 1.91 1.83 1.89 1.94 1.92 1.98 1.95 1.91 1.73 
Na 0.10 0.09 0.02 0.06 0.05 0.09 0.07 0.09 0.08 0.10 0.23 
Ca 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.00 0.00 
Total 1.96 1.95 1.94 1.90 1.96 2.04 1.99 2.07 2.04 2.01 1.96 
Octahedral site 
Mg 1.39 2.79 0.04 0.83 0.44 0.94 0.67 0.24 1.00 0.85 2.85 
Mn 0.02 0.02 1.12 0.03 0.11 0.16 0.11 0.10 0.19 0.05 0.01 
Fe 3.89 2.41 4.72 4.30 5.12 4.35 4.78 4.75 4.25 4.31 2.05 
Total 5.30 5.22 5.88 5.16 5.67 5.45 5.56 5.09 5.44 5.21 4.91 
Tetrahedral site 
Al 2.10 2.14 2.06 2.06 1.84 2.16 2.22 2.18 2.09 2.17 2.52 
Ti 0.56 0.63 1 	0.08 0.68 0.53 0.48 0.41 0.59 0.47 0.69 1.03 
Si 5.72 5.67 5.94 5.71 5.76 5.66 5.65 5.72 5.73 5.59 5.63 
Total 8.38 8.44 8.08 8.45 8.13 8.30 8.28 8.49 8.29 8.45 9.18 
F 0.31 0.67 0.01 0.02 0.05 0.18 0.09 0.12 0.18 0.12 0.19 
Fe/(Fe+Mg) 0.74 0.46 0.99 0.84 0.92 0.82 0.88 0.95 0.81 0.84 0.42 	' 
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Figure 5.26: Plots of wt.F/% versus Fe/(Fe+Mg) for biotites from units-of the 
Late Lgdlerfigsalik centre (see text for details). 
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values of the S14 samples are due to overprinting of earlier high-fluorine 
signatures by low-fluorine fluids emanating from the later units. However, 
this would not explain the spread of data below the S16 and 917 maximum 
line, or why S15 and S16 appear to have escaped such resetting. It has not been 
possible to find a relationship between low-fluorine biotites and meteoric (low 
8180) isotopic values (see below), and therefore the possibility that the low-
fluorine biotites indicate resetting by fluorine-poor meteoric fluids, possibly 
after collapse of the magmatic circulation system, is ruled out. However, S14 
and S17 do differ from S15, SI6 and Klokken in the amount of biotite present 
in samples. The Igdlerfigsalik units 4 and 7 contain large intercumulus grains 
of biotite and amphibole, whereas the amount of hydrous minerals in S15, S16 
and Klokken is uniformly low. It seems likely therefore that a spread of values 
below the maximum line results from a mass-balance effect, with fluorine 
from the fluid being accommodated in the hydrous minerals faster than 
saturation can be acheived. It is also likely that the precipitation of fluorite, 
commonly observed at Igdlerfigsalik, locally removes fluorine from the 
metasomatic fluid. Of the other hydrous minerals observed in the 
Igdlerfigsalik syenites, apatites are always saturated in fluorine and amphibole 
compositions vary considerably. It has been observed by Parsons et al. (in 
press), that the presence or absence of amphibole from samples may account 
for small deviations from expected behaviour in the biotites observed at 
Klokken. 
The limiting lines to F-levels in the biotites of each unit have been 
placed together on a single diagram to allow comparison of these lines (Figure 
5.27). The maximum upper limit line of S14 and S15 is much steeper than that 
observed at Klokken, and, because of the similarities in the lithologies of the 
two centres and the adjacent positions of these intrusions in the same rift 
province, direct comparisons between the slopes of the graphs are justified. 
Therefore, it can be concluded that the metasomatic fluid associated with S14 
Late lgdlerfigsalik Comparison of Limits 
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Figure 5.27: Summary of Wt.F/% versus Fe/(Fe+Mg) plots for Late 
Igdlerfigsalik biotites. Limits to F-content for Fe/(Fe+Mg) values are 
included as a straight line (see text for details). 
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and S15 was considerably more fluorine-rich than observed at Klokken 
(Figure 5.27). The slope of SI6 and S17 is slightly greater than that at 
Klokken. Since the four Late Igdlerfigsalik units form an unbroken magmatic 
series (Powell, 1978), the change in slope between 514, S15 and S16, S17 
represents a process of evolution, and indicates that, in the case of the Late 
Igdlerfigsalik centre at least, the most fluorine-rich metasomatism is 
associated with the earlier stages of magmatism. 
5.9 Fluorine contents of apatites 
In addition to biotites, fluorine contents of apatites have been used as 
indicators of halogen acid fugacities in hydrothennal systems, after the 
experimental bases of Korzhinski (1981) and Tacker and Stonner (1989). 
Apatites are more responsive to halogen compositions of fluids than biotites 
because crystallochemical controls are less dominant; fluor-, chlor-, and 
hydroxy-apatites are all known to exist naturally. The avoidance of iron for 
fluorine, and magnesium for chlorine, is circumvented in apatites due to the 
low concentrations of both of these elements. However, the effects of other 
exchanges, e.g. the britholite and vitusite exchanges, are not known. 
As has been the case with biotites (see Chapter 8), original work on 
apatites as. indicators of halogen fugacities considered the OH-ap/F-ap and 
OH-ap/Cl-ap systems as independent binary systems, rather than an 
interdependent ternary system. For apatites with OH, Cl and F present (i.e. 
nearly all natural apatites) in the structure, the equilibrium constants given by 
Korzhinski are therefore inapplicable. In addition, a large volume of evidence 
in the chemical literature shown that solid solution between the end-
members of the apatite series deviates significantly from ideal mixing. Cl is 
housed in a different crystallographic site 1r6nieither F or OH, due to its 
greater ionic radius (Mackie and Young, 1974). Moreover, since the large Cl 
atom infringes the sites of adjacent F or OH, chlorapatite solid solutions 
W. 
require Cl to be accommodated in two positions, depending on Cl-
concentrations (Hughes et al., 1990) and this may cause deviation from the 
ideal. Tacker and Stormer (1989) tried to interpolate between the end-
members of the apatite family and showed that to a first-order approximation, 
ideality could be assumed for the OH/F-apatite and the OH/Cl-apatite systems 
and therefore the equilibrium constant of intermediate compositions could be 
predicted. However, it is still not known whether the binary F/C1-apatite, and 
moreover the ternary F/Cl/OWapatite, systems are ideal, and this should be 
considered. 
All apatites in the Igdlerfigsalik syenites are fluorapatite in 
composition, with very little exchange of Cl or OH. These other groups are 
only found in significant quantities in apatites from the Late Alkali Gabbro 
ring dyke. The enthalpies of formation of the F-, Cl- and OH-ipatites (given 
by Tacker and Stormer, 1989) show that fluorapatite has the lowest value of 
the three. Fluorapatite, therefore, will form at the expense of chlor- and 
hydroxy-apatites when fluorine levels are sufficiently high. The presence of 
apatites without OH or Cl, therefore, at Igdlerfigsalik tells us nothing about 
the Cl- or OH- activities of the metasomatic fluid. All that can be said is that 
fluorine contents in the fluid were high enough for fluorine saturation of the 
apatite structure in the syenitic members of the centre. fluorine contents of 
any fluid phase associated with the alkali gabbro were low, however, allowing 
some Cl- and OH-exchange. 
5.10 Conclusions 
It can be concluded that the Late Igdlerfigsalik centre underwent large-
scale reequiibriation with magmatically-derived fluids. From the common 
observation of fluorite and calcite alteration associated with turbidity in alkali 
feldspars, the fluid can be demonstrated to have been carbon dioxide and 
fluoride rich. The presence of yellow luminescent zeolites, both in areas of 
alteration and infilling discreet microfractures, also demonstrates mobility of 
Al and Si. The action of the fluid brought about conversion of nepheline to 
cancrinite and sodalite, the latter being associated with vein-networks of 
fluorite. New apatite compositions formed by the fluids involved enrichment 
in Na, RE and Si. This enrichment process occurred either by diffusion of 
these elements into magmatic apatite, or by precipitation, often syntactically 
over existing apatite crystals. Pyroxenes and amphiboles are sometimes 
metasomatically zoned, and enrichment in Hf, REs and especially Zr can be 
demonstrated. 
Fluorine contents of biotites show that fluids associated with the S14 
and S15 units were significantly more fluorine-rich than those associated with 
S16 and S17. Apatites are consistently saturated in fluorine. Transport of 
elements such as Na, Fe, Ca, Cl, Zr, Hf and REs has been deduced. 
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Chapter 6 
Metasomatism of Earlier Syenites 
6.1 Metasomatism of Ear&r Igaliko syenites 
In addition to the metasomatism of non-Gardar rocks and the Igaliko 
dyke swarm, metasomatism of earlier Igaliko syenites to the north and east 
has taken place. Directly abutting the Late Igdlerfigsalik units to the north-
east are units of the Early Igdlerflgsalik centre, outcropping in a broad band 
along Giesecke's Dal, and on the north shorn of Qôroq fjord at its junction 
with Tunugdliarfik fjord (Figure 4.1). In hand specimen and under thin 
section, these rocks appear highly altered, with the common occurrence of 
coarsely exsolved, highly turbid perthites and the rarity of cryptoperthitic 
alkali feldspars. Gays and zeolites are also common in Early Igdlerfigsalik. 
Under cathodoluminescence, chaotic zoned apatites are observed, taken to 
indicate repeated metasomatic activity (Chapter 5), and feldspar luminescence 
indices of samples are consistently high. 
Beyond the Early Igdlerfigsalik rocks he syenites of the older South 
Qôroq centre (Figure 4.1). Metasomatic recystallisation of South Qôroq by 
Jgdlerfigsalik was noted in the field by Stephenson (1972, 1976), who mapped 
a reciystallisation boundary within the South Qôroq units. Stephenson noted 
coarsely exsolved perthites, loss of fayalite, sodium-enrichment of pyroxenes 
and alteration of nepheline, exactly as have been described in Chapter 5 from 
Late Igdlerfigsalik. Chambers (1976) and Rae (1988), who examined 
metasomatism around the analogous North Qôroq centre, noted evidence for 
the presence of fluorine-rich fluids in basement rocks up to 200 m away from 
the contact, and field-based examination of basement rocks around Late 
lgdlerfigsalik as part of the present study (Chapter 4) have demonstrated 
evidence for alteration up to 2 km away from Late Igdlerflgsalik. Given the 
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levels of alteration observed in the Early centre, and the presence of a 
recrystallisation boundary in the South Qoroq units, it seems likely that fluids 
from Late Igdlerfigsalik penetrated some distance into South Qôroq, and that 
the Early Igdlerfigsalik rocks lie wholly within the metasomatic aureole of the 
Late centre. 
Samples from the Early Igdlerfigsalik and South Qoroq units have 
been examined to determine how much resetting of mineral chemistries has 
occurred as a result of the efflux of fluids from Late Igdlerfigsalik. In the case 
of South Qôroq, thanks to the recrystallisation boundary mapped in this unit 
by Stephenson (1972, 1976), "altered" and "unaltered" variants of the same 
South Qôroq units could be compared. 
The South Qôroq Centre 
South Qôroq is the third centre of the Igaliko complex, and comprises 
a series of six nested nepheline syenitic units (Emeleus and Harry, 1970). In 
the original mapping of the centre, the SS4a and SS4b units were considered 
together, and erroneously mapped as older than the 555 unit. Subsequent re-
mapping by Stephenson (1972, 1976) has indicated that the order of 
emplacement was: SS 1, SS2, SS3, 555, SS4a then SS4b. 
Samples from all the units of the South Qôroq centre which extend 
into the Igdlerfigsalik aureole were examined in this study (SS2, SS3, SS5, 
SS4a and SS4b). The compositions of biotites were analysed in each of the 
samples, and apatite, feldspar and feldspathoid textures were examined under 
cathodoluminescence, using the method described in Chapter 5 for the Late 
Igdlerfigsalik rocks. Data concerning the alteration of Early Igdlerfigsalik and 
South Qoroq are presented in separate sections below. 
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6.2 Metasomatism of Early Igdlerflgsalik units 
Thin section studies have shown that the Early Igdlerfigsalik syenites 
are commonly highly altered rocks, with coarsely perthitic, highly turbid 
feldspars and much alteration of mafic minerals to iron-oxides and clays (e.g. 
Sample GGIJ 43978). In hand specimen, alkali feldspars are usually pink, in 
contrast to the commonly white feldspars of the Late Igdlerfigsalik units. 
Brecciation and veining by calcite and zeolites is very common. Under 
cathodoluminescence, the Early Igdlerflgsalik units show high feldspar 
luminescence indices (Figure 6.1), and precipitation of disseminated grains of 
calcite and fluorite is common. Apatites are usually chaotically zoned, a 
feature taken to indicate repeated metasomatic activity. Nepheline is rarely 
fresh, and is often altered to either cancrinite or sodalite/fluorite textures 
(Section 5.6). 
The fluorine-contents of biotites from the early syenites show 
relatively large amounts of fluorine (Figure 6.2) with respect to the study of 
Parsons et al. (in press) on the Klokken stock, but levels are similar to values 
within the Late Igdlerfigsalik centre (Section 5.9). A line representing the 
maximum fluorine-content versus Fe/(Fe+Mg) for biotites has been drawn in. 
This line can be compared with a similar line for the Late Igdlerfigsalik centre 
as a whole (ignoring differences between individual units), and it can be seen 
(Figure 6.3) that the slopes of the two lines are similar. 
These data support the view that the Early Igdlerfigsalik units have 
suffered much alteration from metasomatic fluids evolving from the younger 
Late Igdlerfigsalik centre. 
6.3 Metasomatism of units from South Qôroq 
In addition to alteration of Early Igdlerfigsalik, changes within the 
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Figure 6.1: Histogram of feldspar luminescence indices for the units of the 
Early Jgdlerfigsalik centre. 
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Figure 6.2: Plot of Wt.F/% versus Fe/(Fe+Mg) for Early Igdlerfigsalik 
biotites. Line represents the limit of fluorine contents as a function of 
the iron:magnesium ratio (see text for further details). 
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Figure 6.3: Comparison of limiting lines for Late Igdlerfigsalik, Early 
Igdlerfigsalik and unaltered South Qôroq (see text for explanation). 
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"unaltered" variants of the same units could be identified (Stephenson, 1972, 
1976), a much clearer picture of the degree to which resetting of mineral 
chemistries has occurred could be achieved. Samples within and outside the 
metasomatic aureole were chosen from existing (IOU collections, and textures 
seen using cathodolurninescence, and compositions of biotites were 
compared. Descriptions of thin sections were taken from Stephenson (1976). 
Cathodoluminescence 
Samples both within and outside the aureole show some reddening of 
feldspar cathodoluminescence characteristics, in one case (OGU 58229, 553 
unit) outside the aureole, reaching 100%, but more commonly of the order of 
60% (e.g. (IOU 127021). F.l.i.s of earlier units (SS2 and SS3) were generally 
found to be higher than in subsequent units. The last two units (S54a and 
SS4b) usually showed only blue luminescent feldspars, although a f.I.i. of 
20% was encountered in one sample ((IOU 58228, SS4a). Sodalite/fluorite 
textures were observed (Section 5.6), with fluorite in one case contributing to 
about 40% of the volume of the original nepheline. Apatites generally 
demonstrated overgrowth and irregular concentric zoning patterns (Section 
5.5), commonly giving three-zoned apatites. Calcite, fluorite and zeolites were 
also observed, but were less common in SS4a and SS4b. 
By contrast, samples within the aureole showed distinct CL-
characteristics, with calcite and fluorite significantly more common. F.l.i.s, 
however, were generally the same within and outside the aureole, with the 
exception of sample (IOU 58164 (S54b unit), which had an f.l.i. of 90% in 
marked contrast to the most common f.l.i. for this unit of 0%. 
Biotite Compositions 
Plots of the fluorine contents of biotites versus theft Fe/(Fe+Mg) 
contents for the South Qôroq rocks are presented in Figure 6.4. As before, the 
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Figure 6.4: Plot of Wt.F/% versus Fe/(Fe+Mg) for biotites from the South 
Qôroq centre. Diagram at the top is for samples outside the 
recrystallisation aureole of Stephenson (1972, 1976), and the bottom 
diagram is for samples within that aureole. 
data set is divided into those samples within the aureole and those outside it. 
Both sets of data show classic iron-fluorine avoidance trends (see Chapter 8 
for a fuller discussion of the technique), and lines can be drawn to represent 
the maximum F-contents for biotites of a given composition. It is stressed that 
these lines are included merely as a guide to the eye, and do not represent any 
thermodynamic relationship. Among those samples outside the aureole, one 
sample (GGU 58231) gave F-contents consistently higher than that of other 
samples, and is bracketed on the diagram away from other data. With this 
exception, data from within the aureole can be seen to possess a markedly 
steeper limit to fluorine contents than those outside it. These maximum 
fluorine lines are plotted separately in Figure 6.3. For comparison, the 
corresponding maximum-F line for the Late Igdlerfigsalik units is also 
included. It can be seen that samples within the aureole possess fluorine 
contents very close to those observed in Late Igdlerfigsalik, but distinct from 
those observed in the rest of the centre. This is strong evidence to suggest that 
biotites within the Igdlerfigsalik aureole have been reset to values 
characteristic of fluids associated with the Late Igdlerfigsalik centre. 
Whole-rock Analyses 
Whole-rock analyses of many of the samples studied in the present 
study have been carried out by Stephenson (1972). These analyses have been 
compared with indicators of metasomatic alteration (e.g. f.l.i.) to ietennine 
what, if any, bulk chemical changes accompany the alteration process. 
Despite the high levels of alteration suggested by e.g. 
cathodoluminescence studies, whole-rock analyses of metasomatised and 
unmetasomatised samples of the same units are surprisingly similar (Table 
6.1). Of special interest are those samples taken from the last South Qôroq 
unit, SS4b. Sample GGIJ 58164 demonstrates an f.l.i. of 90%, whereas an 

























SS2 SS2x S83 S83x SS5 SS5x 
58202 58231 59726 58236 127015 58328 46244 58230 58154 
Si02 55.63 55.84 55.15 55.32 55.35 58.67 54.75 56.32 53.75 
Ti02 0.44 0.51 0.46 0.43 0.30 0.65 0.42 0.30 0.85 
A1203 20.25 19.30 19.97 19.76 20.02 20.17 21.03 21.53 20.94 
Fe203 2.36 3.03 6.34 3.02 3.39 3.95 2.07 1.92 1.60 
FeO 2.93 3.64 n.d. 3.00 2.62 n.d. 1.38 2.27 3.71 
MnO 0.21 0.28 0.25 0.25 0.25 0.13 0.08 0.16 0.16 
MgO 0.21 0.35 0.21 0.35 0.28 0.20 0.16 0.18 0.44 
CaO 1.35 1.69 1.56 1.24 1.34 1.54 1.00 1.23 1.58 
Na2O 8.37 8.19 7.52 7.03 8.33 7.53 8.81 9.34 8.64 
K20 6.21 5.89 6.12 6.27 6.22 6.55 6.28 6.38 6.17 
P205 0.09 0.14 0.12 0.05 0.07 0.13 0.09 0.10 0.23 
H20+ 0.49 0.86 itd. 1.18 1.22 n.d. 0.47 0.63 0.72 
CO2 0.36 0.60 nd. 0.65 0.31 n.d. 0.24 0.42 0.75 
Total 98.90 100.32 97.70 98.55 99.70 99.52 96.78 100.78 99.54 
Ba 112 191 172 454 125 768 199 367 337 
Nb 135 228 145 230 264 58 81 85 96 
Zr 522 954 470 711 957 125 237 328 191 
y 59 50 30 28 47 73 12 25 20 
Sr 67 138 324 280 100 399 168 298 157 
Rb 228 233 248 283 276 153 282 279 230 
La 53 97 47 63 74 139 26 53 47 
C 
SS4a SS4ax SS4b SS4bx 
0 
eD 
58150 58228 58327 58220 58221 58164 58165 
Si02 57.58 57.35 58.57 56.03 57.24 57.10 54.66 
T102 0.62 0.59 0.36 1.50 0.98 1.09 0.79 
A1203 20.13 20.31 21.07 19.39 19.57 17.68 21.52 
Fe203 1.14 1.63 3.46 0.42 1.42 1.89 1.56 
FeO 3.08 3.05 n.d. 5.36 3.97 3.11 2.77 
MnO 0.15 0.17 0.12 0.18 0.19 0.25 0.16 
MgO 0.41 0.40 0.25 1.24 0.68 0.96 0.64 
CaO 1.59 1.71 1.55 3.96 2.43 3.11 1.70 
Na2O 7.49 7.53 7.56 5.51 6.78 6.80 8.52 
1(20 6.46 .5.91 7.18 4.14 5.40 5.39 5.76 
P205 0.21 0.19 0.16 0.74 0.34 0.37 0.30 
F120i. 0.48 0.65 nd. 1.28 1.20 0.82 0.66 
CO2 0.31 0.24 nd. 0.56 0.53 1.25 0.67 
Total 99.65 99.73 100.28 100.31 100.73 99.82 99.71 
Ba 823 977 811 4470 1946 1779 659 
Nb 94 126 29 71 146 115 34 
Zr 297 443 99 259 483 366 89 
V 23 33 44 26 40 56 18 
Sr 289 375 338 1698 765 807 349 
Rb 190 174 260 62 152 135 72 
La 43 55 72 49 61 99 38 
luminescence. When the whole rock analyses of both of these rocks are 
compared with SS4b samples outside the aureole (e.g. Samples OW 58220, 
58221), it is observed that there are no systematic chemical differences 
btween altered and unaltered variants. It is interesting to note that since total 
alkalies in many altered samples appear to have been unchanged, according to 
the classification of Andersen (1989) (see Section 2.4), this process would not 
be defined as fenitisation. This is despite the clearly metasomatic nature of the 
alteration and the mobility of sodium (as demonstrated by zoning in 
pyroxenes). 
6.4 Conclusions 
Fluids emanating from the Late Igdlerfigsalik centre caused alteration 
of the pre-existing Early Igdlerfigsalik and South Qôroq syenites. The Early 
centre appears to lie wholly within the Late Igdlerflgsalik metasomatic 
aureole, which extends further into rocks of the South Qôroq centre. F-
contents in the fluids, as determined from F-contents of biotites, are markedly 
different inside and outside the metasomatic aureole mapped by Stephenson 
(1972, 1976). 
Fluorine-contents of biotites within the aureole were reset from values 
characteristic of theft host centres to those of the fluorine contents of the 
invading fluid. Feldspars, apatites and feldspathoids, observed using CL and 
optical microscopy, underwent some degree of chemical and textural 
reequiibriation. Despite the evidence for alteration of these rocks, whole-rock 
analyses of altered and unaltered variants of the same units are remarkably 
close, suggesting that the process of alteration is largely isochenilcal. This is 
despite evidence for mobility in some major elements, e.g. sodium. 
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Chapter 7 
Speciation Controls of Element Mobility 
7.1 Introduction 
• The observations described in previous sections have shown that carbon 
dioxide rich fluids, associated with the Late Igdlerfigsalik units, penetrated 
and permeated the envelope of the intrusion, causing alteration to earlier 
sandstones and syenites. It has also been demonstrated that these fluids 
brought about chemical changes in the crystallised syenites of the centre itself. 
Although mobility of many elements has been demonstrated, no clear 
controlling factors have been presented to explain why some elements are 
mobile and others are not. This chapter will bridge that gap. 
7.2 Speciation in the metasonwiic fluid 
The observations described in Chapter 5 suggest transport of a wide 
range of incompatible elements (i.e. Zr, Hf, REs, Ba, Ca, Si) in the 
metasomatic fluid. Most of these elements are probably carried as complexes, 
and the details of their speciation may explain the mobility or otherwise of 
individual elements. For fluids at the pressures and temperatures believed to 
have been prevalent at the time of Late Igdlerflgsalik metasomatism (c.300-
750t, 1 kbar), aqueous or carbon dioxide-aqueous fluids are supercritical 
fluids. The properties of, and speciation observed in, such fluid systems differ 
from equivalent liquid-gas systems at lower temperatures and pressures. There 
is much disagreement about speciation in such systems, and data that do exist 
are often derived from modelling of observed electrical conductivities (e.g. 
Quist and Marshall, 1969). The studies of ilelgeson and co-workers have 
played an important part of the understanding of such fluids. They have 
shown that ionised species at lower temperatures (e.g. N a+CY, H+C1) 
become associated at higher temperatures (i.e. NaCl*, HCl), and that 
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the dissociation constants of these and similar species have been determined 
as a function of T and P (e.g. Oelkers and Helgeson, 1988). However, the 
stability of complex ionised species such as ZrF62 in supercritical systems is 
still not fully understood. Observations from geological systems clearly 
indicate that metal-ligand interactions bring about mobility in many elements 
(e.g. Zr, see below), although the exact nature of such species is unclear. Only 
very recently, Oelkers and Helgeson (1990) have suggested that polynuclear 
species (e.g. NaClf, CaNaCl2+)  may be more common in supercritical 
systems than previously thought, and, if this is so, it seems likely that other 
polynuclear metal complexes are present in supercritical geological fluids. 
In order to understand transport of many elements, about which little is 
known from the geological literature, a literature search has been carried out 
in the chemical literature regarding the behaviour in solution of these 
elements in gas-fluid systems at ambient P and T (i.e. 1 atmosphere pressure 
and up to —300C). Obviously, the extension of these conclusions to 
supercritical fluids must be carried out with caution, since there are significant 
differences between speciation in liquid-gas and in supercritical fluid systems. 
However, in most cases, such an approach is the only viable way of 
understanding transport of 'immobile' elements. Thus, where a polynuclear 
complex is suggested from studies of liquid-gas systems (e.g. ZrF6 2 ) and 
geological evidence is present to support complexation between a ligand and a 
metal (e.g. between F and Zr, Rubin et al., 1989), it is reasonable to suggest 
that either the same complex, or a polynuclear derivative (e.g. ZrF6 2 , or 
ZrF4 , ZrF3+  etc.) of it is present in supercritical fluid systems. For the sake of 
brevity, throughout this discussion a species referred to as e.g. ZrF 62 may 
include other related polynuclear species (i.e. ZrF 5 , ZrFj, ZrF3 etc.). In 
most cases, little or nothing is known about the relative abundances of these 
complexes in the fluid. 
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7.3 Transport of Spec(fic elements 
In this section, the transport of specific elements is discussed. 
Evidence has been presented in previous sections for the mobility of these 
elements in the Late Igdlerfigsalik metasomatic fluids. 
Zirconium and Hafnium 
The subject of the transport of Zr and Hf in geological systems has not 
been fully explored in the literature. Some authors (e.g. Rubin et al., 1989) 
have tentatively suggested transport by fluorocomplexes, since hydrothermal 
Zr minerals are usually associated with evidence for the presence of fluorine. 
The solution chemistry of Zr and Hf has been reviewed by Larsen (1970), 
who has shown that Zr and Hf are reluctant to form aqueous complexes. The 
normal species in aqueous solution are zirconyl (Zr(J2+)  ions, usually 
polymerised to tetrameric species (Zr 4(OH)8(H20) 16)8 ) (Muha and 
Vaughan, 1960). However, hexafluoro-zirconate(iv) and -hafnate(w) ions 
(ZrF6, HfF) can also be formed in solutions with high fluoride ion 
concentrations. On face value, it is difficult to estimate whether fluoride-ion 
concentrations in the metasomatic fluids at Igdlerfigsalik were sufficiently 
high to support fluorocomplex formation of Zr and HE There is also the added 
variable of the role of pH in affecting the stability of the ZrF 62 complex, and 
this has been studied by Chekmarev et al. (1982). These authors showed that 
the zirconate complex is decomposed in strongly acidic conditions. 
As has been shown in Section 5.3, enrichment of pyroxenes in Zr by 
metasomatism is a result of the non-precipitation of hydrothermal zirconium 
minerals (e.g. zircon). It is known that zircon does not form in strongly 
alkaline solutions, but that the role of zircon is replaced by a wide range of 
sodium zirconosilicates, e.g. catapleite (llyushin et al., 1983). Since these 
sodium zirconosiicates are also absent, this explanation is not favoured for 
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the Zr-enrichment in pyroxenes. M alternative view is presented by Clark et 
al. (1973), who showed that zircon reacts with the hexafluorosiicate complex 
(SiF62 ) to form aqueous zirconium complexes. The presence of SiF 62 may 
therefore explain the suppression of zircon: 
e.g. SiF62 + ZrSiO4 = ZrF62 + 2"Si02" 
bexafluorosilicate zircon ziiconate complex excess silica 
The mobility of silicon in the metasomatic fluid, required for the 
suppression of zircon in the equation above, is confirmed by britholite-type 
zoning of apatites and the precipitation of secondary zeolites and micas. In 
addition, since the hexafluorosiicate ion has been shown to be dominant in F-
rich silicon-bearing solutions at lower temperatures (Busey et al., 1980), this 
ion is therefore likely to be significant in the Igdlerfigsalik hydrothermal 
fluids. 
In addition to the suppression of zircon (ZrSiO4) in the Igdlerfigsalik 
fluids, baddeleyite (ZrO2) is not formed. Baddeleyite is known from 
intrusions in the Gardar (e.g. Klokken (Parsons et al., 1988), Isortôq (Becker, 
1984)), but has not been described from Igdlerfigsalik. Metasomatic 
formation of baddeleyite would probably arise by the alkaline hydrolysis of 
the zirconyl (ZrO 2 ) ion. 
ZrO2 '+2 OH- =ZiO2+l-l2O 
zirconyl ion 	baddeleyite water 
If this is the case, the absence of baddeleyite probably indicates the 
absence of zirconyl ions in the fluid, since the alkaline conditions required for 
baddeleyite formation have already been suggested for the metasomatic fluids 
from other approaches (Section 5.2). This suggests the dominance of fluoro-
zirconate(iv) and -hathate(w) ions in the transport of zirconium and hafnium. 
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Rare Earth Elements 
In addition to Zr and Hf, REs are also known to be mobile, from the 
RE-enrichment of metasomatic rims to pyroxenes and amphiboles, and the 
RE-zoning in apatites. A number of ligands already known to be present in the 
metasomatic fluid may facilitate rare-earth transport. Carbon dioxide, 
phosphate, sulphate, fluorine, chlorine and-hydroxyl are all known to form 
complexes with rare-earths, and any or many of these species are possible 
here. The problems of speciation of rare earth elements in fluids of this 
chemistry have been studied by a number of authors. Bilal and Koss (1981) 
showed that RE(OH)j' complexes formed in aqueous solutions in the pH 
range 8-9. Alkaline pHs have been suggested for the metasomatic fluids from 
the formation of sphene, nepheline and biotite overgrowths on ilmenite 
(Section 5.2) and at the analogous Motzfeldt intrusion from helvite-group 
mineral compositions (Chapter 11). Bilal et al. (1979) and Ponader and Brown 
(1989) have shown that Cl-complexes are subordinate in the presence of 
fluorine. Wendlandt and Harrison (1979) and Cantrell and Byrne (1987) 
studied RE speciation in the presence of carbon dioxide, and found that RE-
carbonate complexation was important. Cantrell and Byrne also considered 
RE-complexation by hydroxyl, fluorine and chlorine, as well as carbon 
dioxide, but found the other ligands to be subordinate. Sulphate complexation 
of REs has also been studied (Bilal and Koss, 1980), but sulphate minerals are 
uncommon at Igdlerfigsalik, and unlikely to be of any importance. Given the 
presence of CO2 in Gardar fluid inclusions (Konnerup-Madsen, 1984), there is 
a strong suggestion that RE-carbonate complexes are important in the 
transport of lanthanides in these metasomatic fluids. 
The work of Wendlandt and Harrison was carried out at high pressures 
(5-20 kbar), whereas that of Cantrell and Byrne was performed at the 
temperatures and pressures of sea-water (25'C, 1 arm). No experimental 
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evidence has been reported at pressures and temperatures appropriate to this 
study (300-600°C, lkbar). Since the ranges of the two studies straddle those 
conditions expected for the Gardar, it is reasonable to assume that RE-
carbonate complexation is important in the Igdlerfigsalik fluids. Although 
Cantrell and Byrne examined the role of other ligands (e.g. halogens) in rare-
earth transport at low temperatures and pressures, Wendlandt and Harrison 
ignored all other elements, and hence we have no clear understanding of how 
the relative complexing properties of CO2 and the other ligands are enhanced 
by increasing T and P. 
Complexation by hybrid species derived from interactions between 
ligands (e.g. FC03 3 ) is not described by either set of authors, but hybrid RE-
complexes of F and OH are considered by Bilal and Koss (1982). In addition, 
Sinha (1983) has shown that RE3- is complexed by FC033 in solutions 
containing both fluoride and carbonate, and has suggested the formation of 
this complex as the origin of the mineral bastnaesite (CeFC0 3). In addition, 
the Narsârsuk pegmatite locality contains other rare earth fluorcarbonate 
minerals (rontgenite, 3CeFC03.2CaCO3; cordylite, 2CeFC03.BaCO 3). The 
matter of the valency of europium in hydrothermal fluids has been studied by 
Sverjensky (1984), who showed that divalent Eu was greatly predominant at 
pressures and temperatures appropriate to Igdlerfigsalik metasomatism. 
Metasomatic processes involving rare earths should therefore produce 
significant Eu-anomalies. 
The chemical composition of calcite and fluorite in the lgdlerfigsalik 
syenites has been determined by electron probe analysis (Table 5.5). These 
have shown that both calcite and fluorite are very RE poor, despite the 
evidence for RE mobility described above. Bilal and Becker (1985) have 
determined partition coefficients for RE uptake by fluorite from hydrothermal 
brines at various pHs and temperatures, and have shown that RE uptake is 
related not only to activities of the free RE ion, but also to the activities of 
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hydroxy- and fluoro-complexes. The very poor RE-contents of the fluorites in 
Table 5.5 indicates that the concentrations of these hydroxy- and fluoro-
complexes in the hydrothermal system are negligible, strengthening the 
argument for the dominance of RE-carbonate complexation. 
Calcium 
The problems of calcium speciation in carbon dioxide saturated fluids 
has been addressed by Fein and Walther (1987), who concluded that 
carbonate was probably transported as CO2(aq) and HCOç ions. This 
suggestion is supported by the tentative identification of nahcolite (NaHCO 3 ) 
in fluid inclusions (Konnerup-Madsen, 1984). The solubility of fluorite and 
speciation of Na-CI-Ca-F bearing fluids has been studied by Richardson and 
Holland (1979), who noted an increase in fluorite solubility with increasing 
salinity in brines. They explained this in terms of the increasing stability of 
NaF() and Na2F ()  species in the fluid. The coprecipitation of fluorite 
during the transformation of nepheline to sodalite (Section 5.6) indicates that 
fluorite solubilities are enhanced by the presence of complex sodium fluoride 
species. Richardson and Holland also suggested that calcium was transported 
as simple hydrated Ca2 ions. However, work on the stability of calcium 
chloride ion pairs between 100 and 360C by Williams-Jones and Seward 
(1989) suggested that CaCl2() species existed in aqueous solution. 
Alkali Metals 
The speciation of sodium and potassium in supercritical brines has 
been studied and modelled mathematically by Oelkers and Helgeson (1988). 
These authors have shown that at 1 kbar, alkali metals are complexed as 
associated NaCl* and KCl*species at temperatures above 500°C, but break 
down to free aqueous ions (Na+()  and K+(aq)) below this temperature. The 
absence of vitusite-type exchanges (Section 5.5) in diffusion related apatite 
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zoning, but its presence in some precipitated zones (e.g. the red zone of the 
apatite in Figure 5.15) has been discussed above, and there the suggestion was 
made that some speciation control was inhibiting sodium diffusion into the 
apatite. The dissociation of the alkali metal chlorides in hydrothermal 
solutions (Oelkers and Helgeson, 1988) may explain this observation, since 
associated NaCl* and KQ species dominate above 500°C, but break down to 
ionised Na4(aq.) K(aq.) and Cl (.) species below this temperature. The 
absence of sodium in earlier, presumably higher temperature zones in apatite, 
yet its presence in later, lower temperature zones may be explained in terms of 
apatite precipitation before and after the breakdown of associated alkali metal 
halides. This allows apatite generations formed before and after 500°C to be 
distinguished. By a similar argument, Na-rich pyroxene zoning may be a low 
temperature (<500°C) phenomenon. If this is the case, since zirconium 
enrichment is associated with the formation of sodium-rich pyroxenes, 
zirconium transport must also continue below SOOt. 
7.4 Discussion 
The evidence presented in Chapter 5 shows that the Late Igdlerfigsalik 
syenites have undergone wholesale alteration as a result of interaction with a 
metasomatic fluid. The levels of metasomatism, although usually very high, 
are occasionally low, and the distribution of highly altered and fresher 
samples appears to be irregular. A study of metasomatism in the simpler BlA 
MAne 50 perthosite unit (Chapter 3) has shown that higher degrees of 
metasomatism were associated with the edges and the centre of the intrusion, 
although no clear spatial relationships could be observed at Lgdlerfigsalik. 
Although no whole-rock studies of the Igdlerfigsalik rocks have been carried 
out as part of this study, work by Stephenson (1976) on the effects of 
Igdlerfigsalik alteration on the adjacent South Qôroq intrusion showed that in 
some cases them was no evidence for the overall enrichment of the rocks in 
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key elements (e.g. sodium) during metasomatism. High degrees of 
metasomatism, therefore, can have little effect on bulk-rock major-element 
analyses, and metasomatism can be merely a process of local redistribution. 
However, this is in stark contrast to other observations (e.g. Macdonald et al., 
1973), where the whole-rock chemistry of metasomatised KOngnât gabbros 
waii:j drastically altered. Because of the irregularity of the distribution of 
highly metasomatised samples, and the apparent unpredictability of the effect 
metasomatism has on whole-rock analyses, a study of bulk-rock chemistry of 
the Igdlerfigsalik pluton would be difficult to interpret. Mass balance 
calculations based on whole-rock chemical changes would not be able to 
predict the levels of alteration seen at Igdlerfigsalik. 
7.5 Conclusions 
Metasomatic alteration of primary minerals in the lgdlerfigsalik 
syenites has lead to enrichment of many minerals in incompatible elements. 
From a comparison of fluid inclusion work and petrological observations, it 
appears that the fluid was largely carbon dioxide in composition, with an 
incompatible element-rich aqueous component. This aqueous component was 
saturated with respect to HCO3 and CO2(), due to partitioning against 
carbon dioxide in the fluid. In addition, rare earths were present as carbonate 
and fluorcarbonate complexes, with lesser complexing by OH - and F. The 
fluid carried Zr and Hf, most likely as hexafluorometallate(iv) ions, or 
possibly polymeric ZrO2 and HfO species. Nb was totally absent. SiF 6 is 
known to have been present due to the precipitation of zeolites and secondary 
micas, britholite-type exchanges in apatite and is further suggested by the 
absence of hydrothennal zircon. Halogen contents were high, as is shown by 
sodalite formation after nepheline (Cl), and the F-contents of apatites and 
biotites. Fluorine contents of the fluid decreased with continued magmatic 
activity. Calcium activities were relatively high in the fluid, demonstrated by 
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the precipitation of calcite, fluorite and fluorapatite and the formation of 
sphene from contacts between ilmenite and alkali feldspar. Diffusion of 
elements into pre-existing apatites lead to enrichment in Si and REs, but 
sodium-enrichment appears to have been confined to apatites formed by 
precipitation. The pH of the fluid is unknown but from the formation of 
biotite, sphene and nepheline after ilmenite (Section 5.2) was probably mildly 
alkaline. 
Alkali metals, present as undissociated chloride complexes at higher 
temperature, MCI* at T> 500*C, form free M+  ions below this temperature. 
This dissociation process allows sodium to be incorporated into apatites 
formed below 500°C. 
Autometasomatism probably took place by passage of fluids between 
crystal boundaries, and through the interconnected micropore network known 
to be present in coarsened alkali feldspars (Chapter 3). Feldspar 
cathodoluminescence characteristics showed that 60 to 80% of the volume of 
the alkali feldspars in many samples has experienced metasomatic alteration. 
Apatites were saturated in fluorine in all but the alkali gabbro unit, and 
fluorine contents of biotites suggest that a fluorine-rich fluid coexisted with 
the units of the Late Igdlerfigsalik centre. Fluids associated with the 514 and 
S15 units, however, had a higher fluorine content than those of the subsequent 




Introduction to Section C 
In this section, the use of biotites as indicators of halogen fugacities 
will be discussed. A full review of the technique, with a critical discussion, is 
presented in Chapter 8, and then the method will be used in Chapter 9 to 
deduce the relative fluorine contents of metasomatic fluids between the Gardar 
centres, bearing in mind some caveats brought to light in the previous chapter. 
Chapter 9 concentrates on eight centres which were chosen as a representative 
selection of the Gardar central complexes. These eight : intrusions are also 
considered in Chapter 10 using cathodoluminescence. 
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Chapter 8 
Fluid Interaction with Motile: a Critical Review 
8.1 Introduction 
Biotites contain OH groups as part of their structure, bound to the 
silicate lattice via octahedrally coordinated cations (Bailey, 1984) (Figure 8.1). 
These OH groups can be substituted for by fluoride and chloride ions, and the 
amount of halogens in a biotite can reflect the activities of these halogens at 
the time of crystallisation of the biotite (K2(Mg,Fe)6Al2Si 6O22(OH,F,Cl)2). 
However, since these halogens and OH groups are not strongly bound into the 
biotite structure, they can be replaced at subsolidus temperatures by F and Cl 
and vice versa. Halogen contents of biotites are therefore not necessarily 
inherited from magmatic OH, F and Cl activities, but can reflect halogen 
contents of late-stage fluids. 
8.2 A Chronology of the Theoretical Basis of the Technique 
In 1974, Munoz and Ludington showed that F:CLOH ratios of biotite 
micas could be reset following interaction with a hydrothermal fluid at 
subsolidus temperatures. They examined F/OH exchange alone, modelling the 
exchange reaction as: - 
HF + Mica-OH = H-OH + Mica-F 
An equilibrium constant, K, may be defined for this reaction in the 
usual way by dividing the activities of the products by the activities of the 
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(Fe, Mg) and the Hydroxyl (F, Cl) site 
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If we assume that the phases within this system behave ideally, we can 





Since the reaction is an exchange, the total number of moles of mica 
does not vary during the reaction. Assuming ideal mixing, the ftMica-
F)/frMica-OH) term can be replaced by the F/OH ratio. in the mica (symbol: 
(FIOH)mica). 
f(H20) 
K = (F/OH)mica . 
ftHF) 
This equation can be rearranged to give:- 
ftHF) = K-1 (F/OH)mica .ftH2O) 
Finally, to denote the fact that this discussion refers specifically to the 
F-OH exchange reaction, and to simplify the equation, the equilibrium 
constant, K 1 , can be replaced by another constant, suffixed with the subscript 
F (1F)•  This gives the final equation which relates the F/OH contents of the 
mica to theftHF) in the late-stage fluid. 
Let K 1  =KF 
Equation A 	JTHF) = K. (F/OH)mica  .frH2O) 
fl'H20) can be obtained for a known pressure (P) and temperature (7) 
by combining the data of Burnham et al. (1969) and Jacobs and Kerrick 
(1981), and hence a value of frHF) in late-stage fluids can be obtained from 
the biotite composition. Munoz and Ludington obtained values for the 
equilibrium constant . KF using experimental means for specific mica 
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compositions (annite, phlogopite and siderophyffite). The equilibrium constant 
was found to vary considerably between these micas, being vastly different 
between the two biotite end-members, phlogopite and annite. Munoz and 
Ludington (1974) later carried out experimental work to extrapolate the values 
of KF across the biotite solid solution4me)iobserved that fluorine was less 
readily accepted into Fe-rich biotites, a feature noted in many studies of 
ferromagnesian minerals and known as the fluorine-iron avoidance rule 
(Rosenberg and Foit, 1977). Because of fluorine-iron avoidance, a direct 
comparison between fluorine contents of fluids based on micas of different 
compositions is not possible. 
In an attempt to arrive at a value which allows direct comparison, 
Munoz and Gunow (1982) described a value known as the "fluorine index". 
This was derived from two methods; first based on an empirical equation 
relating F/OH ratio of the biotite to the biotite end-member calculation scheme 
of Gunosv et al. (1980); second, from a graphical plot of % MgO against log 
(wt. % F). Munoz and Gunow reported good correlation between the values of 
fluorine index calculated from the two different methods. 
Munoz and Swenson (198 1) examined equilibrium constants in the Cl-
OH system, and similarly obtained values for K. The two sets of data 
relating to the two halogen-hydroxyl exchanges were unified by Munoz and 
Swenson (1981) to examine F and Cl fugacities in the same biotites. 
Munoz and Swenson (1981) also addressed the problems caused by 
uncertainties in analytical techniques. Most published biotite composition data 
are carried out by electron probe analysis, which can be used to arrive at 
accurate values for all elements in biotites except those lighter than fluorine 
(e.g. hydrogen, oxygen, lithium). Hydroxyl contents of biotites are usually 
estimated by assuming complete occupancy of the hydroxyl site (2 hydroxyls 
for 22 oxygens). However, LeviJlain (1980) showed that this site often 
contains vacancies, leading to estimates of the OH-content which are too high. 
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Moreover, wet chemical analyses of biotites from the Klokken complex within 
the Gardar have demonstrated significant vacancies in this site (Parsons et al., 
in press). In addition, the occurrence of the oxidising coupled substitution of 
Fe2 + OW = Fe3 + O allows the introduction of oxide ions into the site. 
Again these cannot be estimated by the approach outlined here. Munoz and 
Swenson (1981) circumvented the problems caused by uncertainties in the 
estimation of hydroxyl and oxide by relating the F/Cl values of the biotites to 
flHF) and ftHCI) values in the fluid, since the final value is not dependent on 
estimates regarding the occupancy of the hydroxyl site. This final value (the 
fluorine-chlorine index) was derived by dividing the fluorine index value by 
the equivalent value for chlorine (the "chlorine index"). 
Since these papers, the literature regarding halogen exchange in 
biotites has been reviewed by Munoz (1984). This latter paper has been the 
basis of much subsequent work examining the halogen acid activities of 
metamorphic, igneous and ore-forming fluids. - 
8.3 Critical Discussion of the Theoretical Basis 
In a technique such as this, a number of assumptions have to be made 
before any estimates can be arrived at. The technique relies, in pail, on the 
justification of these original assumptions. In addition, estimates from the 
technique need to be continuously tested against other geological criteria, and 
it is only after many years of such testing that the method can be incorporated 
more fully into the body of standard geological methods. 
Although the technique of using biotite halogen-hydroxyl exchange 
has a firm theoretical basis, on closer inspection, a number of problems with 
the technique have not been fully addressed. These are listed in turn below:- 
1. When Munoz and Swenson (1981) used the equilibrium constants from the 
independent binary F-OH and Cl-OH systems to study biotites with both F 
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and Cl, the importance of direct F-Cl exchange was neglected. Although 
Munoz (1984) mentioned the uncertainties involved in extrapolating 
equilibrium constants into the ternary F-U-OH diagram, he suggested that 
the presented equilibrium constants are applicable so long as one halogen is 
dominant (i.e. the compositions lie close to the binary system). In his 
review article, Munoz suggests that fluorine and chlorine data from the 
same biotit& analyses can be used to draw conclusions on the ftHF) and 
Jj'HCl) with respect to frH 20). However, let us consider the example of a 
fluorine-rich, chlorine-poor biotite, plotted as point A on a F-CI-OH 
composition diagram (Figure 8.2). According to Munoz, since this biotite 
contains only a small amount of one of the halogens (chlorine), the 
equilibrium constants from both binary systems (F-OH and CI-OH) can be 
employed by projecting the point onto the binary joins (AS and AC). 
However, this is only true regarding calculations involving the dominant 
halogen (here fluorine) since projection of the minor halogen requires the 
crossing of a significant distance on the compositional diagram. Since we 
do not know how the chemical potential of phases within the F-Cl-OH 
ternary, system is contoured, we cannot be sure that the chemical potential 
of positions A and C are the same. This affects the equilibrium constant 
since equilibrium constants are a function of the differences in chemical 
potential of the individual components in the system:- 
e.g. K =ftAction(toH..bj - RI-bi) 
Although it may. be true to say that the chemical potential of the 
nearest point on the F-OH binary system (point B) is approximately 
equivalent to that of point A (since the distance A-B is small), it is not true 
for point C, since the distance A-C is large. Although it is possible that the 
differences in chemical potential between A and C are small, there is at 
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Fi2ure 8.2: F-OH-Cl composition diagram for biotite. See text for explanation 
of points. Dotted lines are projection lines from end-members to binary 
compositions. 
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suggest that significant differences in the Gibbs Free Energies of these 
phases do occur (see below). Therefore, calculations involving both 
halogens can only be carried out on biotites with very small amounts of 
either halogen (i.e. OH-rich compositions, point D). 
So it can be shown that:- 
Where Cl and F are both present in a biotite, the equilibrium constants 
that are currently available are only applicable when the total fluorine and 
chlorine contents are low. 
Where biotites contain dominantly one halogen, the composition can 
be approximated to a binary system for the dpminant halogen alone. Where 
this is the case, calculations involving the minor halogen are less reliable. 
2. Munoz and Ludington (1974), Ludington (1978) and Munoz and Swenson 
(1981) buffeted their reaction vessels with respect to the halogen acid 
activity. However, the starting equations used by Munoz and Ludington 
and the other authors were hypothetical; there is no evidence to suggest 
that HF or HO are the only possible reacting species. At pressures of 1 
kbar and temperatures around 500°C, the HCI and, to a lesser extent, HF 
begin to become significantly dissociated to ionised F and Cl - species 
(Frantz and Marshall, 1984). It is possible that these species can be 
involved• in the exchange. In alkaline solutions, the values of fl-IF) and 
ftHCl) are low, since high pHs further encourage the dissociation of the 
HQ species. Furthermore, much fluorine and chlorine in supercritical 
solutions is transported as associated species (e.g. KCI°), and as yet it is not 
clear whether these species are available for exchange. The experimental 
work of Volfinger et al. (1985) examined exchange of Cl between biotites 
and aqueous KC1 solution. In their charges, a large amount of chlorine was 
present as KC1, in addition to associated HG' species. However, Volfmger 
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et al. observed significantly reduced levels of exchange. This indicates that 
halogen levels in biotites were not related to flTKCI), but were only a 
function of flHCI), since the acid was almost completely associated in the 
solution. This work was extended by Volfinger and Pascal (1989), who 
demonstrated that uptake of chlorine, by muscovites in mixed KC1-HCI 
bearing charges was both a function of pH, and of temperature. Variation in 
amount of exchange with pH was explained in terms of the inability of the  
associated KCI° molecules to exchange with the biotite. Although it has 
been shown that KCI° was not available for exchange with the biotite from 
these experiments, it is still not clear if other species (e.g. NaCl*) can 
participate in fluorine-biotite exchange. 
Given the problems regarding the species involved in exchange 
presented above, it is suggested here that the value arrived at from 
recalculation of biotite compositions, 'ftHX)", is better expressed in terms 
of a linear combination offtHX),frX) and EftMt+F1-Y). 
"fl'HX)" = X4THX) +)L/X-) + E XftMx+FJ(i) 
from biotite data 	 fluorocomplexes of metals 
wbere 	constants. 
3. The assumption of ideal mixing between F-, Cl- and OH-biotites is 
debatable. The ionic radii of F (1.31 A) and OH- (1.38 A) are comparable, 
but that of Cl is much greater (1.81 A) (Shannon and Prewitt, 1969). 
Although ideal mixing in the F-OH system may be correct to a first-order 
approximation (indeed, fluorphlogopites and fluorannites are known to 
exist or have been synthesized), it is unlikely to be the case for CI-biotites, 
since pure Cl-biotites are unknown. It has been shown by Volfmger et al. 
(1985) that this is due to the large Cl - ion disrupting the silicate lattice. The 
apatite structure, for instance, circumvents the problem caused by the large 
chloride ion by accommodating it in an entirely different site to both F and 
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OH (Hughes et al., 1990; Mackie and Young, 1974). Since this is not 
possible in biotites, Cl-incorporation into the structure never reaches large 
amounts (e.g. 20 mol% maximum, Valley et at, 1990), and is unlikely to 
be ideal. Furthermore, it has been shown by Sw and Stone (1979) that 
short-range ordering of the biotite into Mg-F and Fe-OH domains occurs. 
Estimates of fugacities require the input of a value for the temperature of 
halogen-hydroxyl exchange. A value of 1000 K was used by Parsons et al. 
(in press), a range from 930 K to 750 K was suggested by Sisson (1987) 
and Gunow et al. (1980) suggested a value as low as 630 K. Munoz (1984) 
showed that even moderate uncertainties in this value can have significant 
differences on the final fugacity estimate. In Figure 8.3, values for 
Fe/(Fe+Mg) versus weight of fluorine in biotites have been calculated for a 
fluid off(H2O)If(HF)= 3 . 5  after the method of Munoz (1984). The diagram 
has been contoured for isotherms at 50 K intervals from 750 K to 1000 K. 
The figure demonstrates that a biotite of composition Fe/(Fe+Mg)=0.75 at 
900 K should contain 1.78% F. However, if the temperature estimated has 
even a modest uncertainty of ±50 K, then this translates to 1.19 c 1.78 < 
3.01 wt. % F This level of uncertainty throws into question the whole use 
of the technique, since the temperature of exchange is simply not known 
and estimates of this temperature are in essence educated guesses! It is 
clear from this that, notwithstanding the uncertainties present above, the 
absolute accuracy of the technique is very poor. 
The uncertainties regarding the analyses of biotites introduce further 
problems. Although Munoz and Swenson (1981) avoided uncertainties in 
hydroxyl site occupancy by devising the fluorine/chlorine intercept value; a 
value which is indeed insensitive to uncertainties in hydroxyl site 
occupancies, this value cannot be converted to a meaningful estimate of the 
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Figure 8.3: Fe/(Fe+Mg) versus weight F for biotites. 
Top: Diagram is contoured for various values oftlljQ)/fl1Wijat 1000 
K (after Munoz, 1984). 
Bottom: DigJscoqtoured for various temperatures (in K) at a 
constant:IftH2Q)/fl'HF)ff3.5. 
Furthermore, as mentioned above, the equilibrium constants for biotites 
containing both fluorine and chlorine are used with uncertainty unless the 
amounts of both halogens are low. The fluorine/chlorine intercept value of 
Munoz and Swenson can therefore not be converted to an accurate estimate 
of eitherftHF) orftHCl) without encountering the problems listed above. In 
addition, since some biotites (notably those from the Gardar, see Chapter 9) 
contain less aluminium than the theoretical minimum (2 atoms for 22 
oxygens), substitution of tetrahedral Fe 3 for Al may be significant. Since 
in this case iron is not octahedral and not bonded to the hydroxyl site, it 
does not play a role in iron-fluorine avoidance, and yet is assumed to do so 
in calculations of halogen acid fugacities. 
8.4 Natural Systems 
Despite the well established theoretical basis for the estimation of 
halogen acid fugacities, natural systems often do not conform to expected 
trends. According to the theory, Fe/(Fe+Mg) ratios for biotites which have 
equilibriated with the same fluid should bear a linear relationship to log of the 
number of fluorine atoms in the hydroxyl site. An alternative method of 
plotting the data is to plot wt.% F versus Fe/(Mg+Fe), which gives a curved 
trace (Figure 8.3) for biotites that have equiibriated with the same fluid. In 
these examples, biotites are assumed to contain no octahedral aluminium (i.e. 
'cid=°) This is indeed the case for the Gardar biotites (see Chapter 9). For 
single fluids that haveHequilibrated lat the same temperatures, we should 
therefore expect to see curved trends in plots of wt.% F against Fe/(Mg+Fe) 
for biotites, consistent with experimental predictions (Figure 8.3). However, 
when values for a variety of natural examples from other geological 
environments (e.g. the Santa Rosa deposit; the Henderson Molybdenum 
deposit) were plotted by Parsons et al. (in press, Fig.lO), it was observed that 
many gradients lay away from these predicted trends. This deviation is not 
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explainable using the current theoretical framework of the technique, and 
suggest further that the assumptions made by Munoz (1984) are sometimes 
inaccurate and introduce significant errors. 
In addition, Parsons et al. (in press) noted that the presence of small 
amounts of amphibole in some samples was accompanied by a small increase 
in the fluorine content of associated biotite with respect to values extrapolated 
from biotites in amphibole-free rocks. In the simplest terms, the presence of 
amphibole, or any other hydrous mineral capable of halogen-hydroxyl 
exchange in the subsolidus, appears to affect the uptake of halogens by biotite. 
In addition to other hydrous minerals, the presence or absence of halide 
minerals (e.g. fluorite, halite, villiaumite) needs to be taken into account. This 
seems to suggest that mass-balance considerations are important in some 
biotite-fluid exchanges, and that competition between other hydrous or halide 
minerals can produce compositions which contain less fluorine than would be 
expected. In these cases, the fluorine contents of the biotites do not truly 
reflect the original F-contents of fluids. 
8.5 Conclusions 
Halogen contents of biotites are likely to be related to halogen contents 
of late-stage fluids, rather than magmatic halogen fugacities. The technique of 
calculating absolute halogen acid fugacities from biotite compositions has 
many difficulties in its theoretical basis. Quantitative estimates of ftHF) and 
ftHCI) may sometimes be inappropriate, since the role of halide ion and other 
halogen complexes in the exchange process is unknown, and uncertainties in 
the temperature of exchange introduce significant errors. Furthermore, the 
equilibrium constants which are currently available are only applicable with 
certainty in a few cases where both halogens are present only in small 
amounts, or where one halogen is dominant (and for that dominant halogen 
only). Other hydrous minerals capable of subsolidus exchange (e.g. 
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amphibole, apatite) can compete with biotite for uptake of halogens and, by 
mass-balance, bring about local halogen-poor equilibrium conditions. 
8.6 Use of this technique in Studies of Gardar Fluids 
In the case of the Gardar province, the technique of Munoz (1984) has 
been applied bearing in mind the caveats and uncertainties expressed above. 
Independent lines of evidence (Chapter 5 and Chapter 11) have suggested that 
the Gardar metasomatic fluids are alkaline, and hence halide ion fugacities as 
well as hydrohalic acid fugacities may contribute to the halogen contents of 
Gardar biotites. Furthermore, since the pressure (1 kbar) and temperature of 
the fluids (lOOt to 400t) are relatively low compared with, for example, the 
metamorphic fluids of Valley et al. (1990), dissociation of HF° and HCl'to F 
and Cl may be important. 
Because of these problems, and because of the author's personal 
wariness of values obtained from it, the technique is reduced to more 
qualitative comparisons of the slopes of wt.% halogen vs. Fe/(Fe+Mg) in 
biotite analyses. Values of ftH 2O)/frllF) are avoided, except to determine 
relative fluorine contents of fluids which, from geological criteria, are 
believed to be equivalent (i.e. fluid A has twice as much fluorine as fluid B). 
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Chapter 9 
Halogen Contents Of Biotites Across the Gardar 
9.1 Introduction 
The halogen contents of biotites from many intrusions across the 
Gardar Province have been examined to reach conclusions about the relative 
fluorine contents of metasomatic fluids associated with the different centres of 
the province. A full discussion of the technique, with some criticisms and 
caveats, has been presented in Chapter 8. In the present chapter, slopes of 
plots of wt.% F versus Fe/(Fe+Mg) will be compared in a qualitative manner, 
and conclusions about the relative fluorine contents of the fluids will be 
drawn. 
9.2 Centres studied in this chapter 
Eight of the (Jardar centres were chosen for comparison in this chapter. 
A brief review of each of these is presented below. The Early and Late 
tgdlerfigsalik centres have been described in detail previously, as has the 
South Qôroq centre (Chapters 4-6). The intrusions chosen for the present 
chapter are Klokken, Küngnãt, Motzfeldt, Nunarsuit and the Younger 
Giant Dyke Complex (YGDC). Biotites from the Klokken intrusion have 
already been studied by Parsons et at. (in press), but a review of this work, 
with additional data, is included as part of the present study. These eight 
centres will also comprise the complexes studied in a later chapter using 
cathodoluminescence (Chapter 10). These intrusions were chosen as a 
representative selection of under- and over-saturated Clardar centres. The 
llimausaq complex, the most extreme complex in the province, has been 
omitted from this discussion since the strongly peralkaline units in the 
complex do not contain biotite. It is, however, discussed later in the context of 
mineral transformation mechanisms (Chapter 12). 
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The next seven subsections will each present brief descriptions of the 
centres studied here. The South Qôroq (Section 6.1), Early and Late 
Igdlerfigsalik centres have also been discussed previously (Section 4.2). 
Early and Late lgdlerfigsalik 
The Early and Late Igdlerfigsalik centres are a series of nepheline 
syenitic units outcropping mostly on the south side of Qôroq fjord, but also in 
a small area on its north shore at the mouth with Tunugdliarflk fjord (Figure 
4.1). The two centres have been mapped together previously, but are here 
considered as distinct centres within the Igaliko complex (Section 4.2). Early 
and Late Igdlerfigsalik have been studied by Emeleus and Harry (1970), and 
Powell (1976, 1978). The Early centre comprises three units (S!1, 512 and 
Sf3), the first of which is an augite syenite, with later units becoming more 
nepheline rich. The Early unit is cut by dykes of the Igaliko dyke swarm, 
which were intruded between Early and Late Jgdlerfigsalik times. The Late 
centre comprises four nested undersaturated syenitic units (514 to S17), with 
the final intrusive event an alkali gabbroic ring-dyke (AG). A detailed study 
of metasomatic processes in the Late centre is presented in Section B, and 
metasomatism in the Early centre is considered in Section 6.2. 
Klokken 
The Klokken intrusion is a small syenitic stock situated east of the 
Igdlerfigsalik centres (Figure 1.1). It comprises a thin gabbroic sheath which 
surrounds rocks of slightly oversaturated syenitic composition. These syenites 
are subdivided into an unlaminated syenite ring and a layered core. This 
layered core comprises two syenite facies, the laminated and granular syenites 
which are found intimately interleaved and repeatedly stacked, giving rise to 
the large-scale layered nature of the central zone. Klokken has been studied 
extensively by Parsons (1979, 1981) and Parsons and Butterfield (1981); 
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detailed studies of the microtextures of alkali feldspars from Klokken have 
been carried out by Parsons (1978), Brown et al. (1983), Parsons and Brown 
(1984), Parsons and Becker (1986), Brown and Parsons (1989), Worden et al. 
(1990) and Walker (in press). From these studies, it has been shown that some 
alkali feldspars from the Klokken intrusion have undergone catastrophic 
exsolution in the presence of a hydrothermal fluid subsequent to an initial 
phase of coherent exsolution. Parsons and Becker (1986) furthermore showed 
that cryptic variation in some layers occurred along strike, interpreted as 
metasomatic reequiibriation of the compositions of mafic minerals. The 
halogen contents of biotites from Klokken have been studied by Parsons et al. 
(in press), and their data is supplemented by data collected as part of the 
present project. 
Küngnãt 
The Kilngnât complex has been studied by Upton (1960), and 
subsequently by Macdonald et al. (1973) and Stephenson and Upton (1982). 
The complex comprises mainly syenitic rocks, focussed around two centres, 
termed the Eastern and Western centres. The older Western centre is 
subdivided into Upper and Lower Layered Series (WULS, WLLS), separated 
by a thick horizon of country-rock xenoliths. The Eastern centre comprises a 
Border Group (EBG) and a layered series (ELS). The syenitic rocks of the 
complex are cut by a minor basic ring-dyke and later alkali granite umts, 
which grades along its length to syenogabbroic compositions. The WULS and 
WLLS units are characterised by excellently developed igneous layering. 
Motzfeldt 
The Motzfeldt Centre is part of the Igaliko complex, and has been 
studied by Emeleus and Harry (1970), Jones (1980, 1984), Jones and Peckett 
(1980), Tukiainen et al. (1983) and Jones and Larsen (1985). Motzfeldt is 
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generally considered as the oldest of the five centres which together make up 
the Igaliko complex (see Section 4.2), although there is some disagreement 
over the relative ages, of Motzfeldt and the neighbouring North Qôroq centre 
(Chambers, A.D., pets. comm. 1990). Motzfeldt comprises six major units, all 
of which are undersaturated (SM 1-6), and the last of which (SM6) is the only 
agpaitic unit in the Gardar not part of the lllmausaq complex. This unit is not 
included in further discussion in this Chapter, since it does not contain biotite, 
but is considered separately in Chapter 11. The less extreme units (SMI-5) 
represent a series of nested nepheline syenites, and samples from these are 
included in this study. The SM4 unit is set apart from the other units, in that it 
contains a volatile-rich facies (known as the Hybrid unit: HY), and SM5 t is a 
larvikitic partial ring-dyke. The final intrusive event of Motzfeldt, like many 
Gardar centres, was an incomplete basaltic ring-dyke (known as the Alkali 
Gabbro Giant Dyke: AGGD). 
Nunarsuit 
The Nunarsuit complex is the largest intrusion in the Gardar province, 
covering 100 km2 around the south-westernmost point of Greenland (Kap 
Desolation) (Figure 1.1). The centre has been studied and described by Harry 
and Pulvertaft (1963), Anderson (1974), Butterfield (1980) and Parsons and 
Butterfield (1981). Much of the western extent of the complex is submerged 
beneath the Davis Strait, being exposed only in skerries (Ydre and Jndre 
Kitsigsut). The earliest activity in the area appears to have been the 
emplacement of alkaline granitic and syenitic intrusions (the Helene granite 
and the Kitsigsut syenite), followed by the intrusion of gabbroic (the 
Aldngorsuaq gabbro) and further granitic rocks (the Biotite granite). The vast 
majority of the centre comprises a late quartz syenite (the Nunarsuit syenite), 
which has been subdivided according to compositions of pyroxenes (P.R. 
Greenwood, pers. comm., 1988). Some internal chilled contacts have been 
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observed within this syenite, but these appear to be localised. A final intrusive 
event was the emplacement of the Kidlavdt granite. The Nunarsuit syenite and 
the Helene granite are notable for the development of extensive areas of 
igneous layerixjg. In addition, the syenite is noted for the abundance of 
cryptoperthitic alkali feldspars showing blue schiller. 
South QOroq 
The South Qôroq centre is the third oldest centre of the Igaliko 
complex. It has been studied by Emeleus and Harry (1970), Stephenson (1972, 
1974, 1976) and Stephenson and Upton (1982). The centre comprises six 
major undersaturated intrusive events, designated SSJ-3, SS4a, SS4b and SS5. 
In the original mapping of the area by Emeleus and Harry (1970), when the 
nomenclature of the units was first proposed, the SS4a and SS4b units were 
mapped together, and erroneously considered as older that SS5. It is now 
understood that the order of emplacement was SS1, SS2, SS3, S55, 554a, 
SS4b (Stephenson, 1972, 1976). Much of the original extent of South Qôroq 
has been obliterated by subsequent Early and Late Igdlerfigsalik activity, and 
a zone .of recrystallisation around the Igdlerfigsalik centres has been mapped 
in South Qôroq by Stephenson (1972, 1976). The effects of this 
recrystallisation on South Qôroq has been considered previously (Section 6.3). 
Younger Giant Dyke Complex 
The Younger Giant Dyke Complex (YGDC) is a 200-800 m wide dyke 
which runs from the island of Tugtutôq, north-east until it is lost under the 
inland ice. The YGDC has been studied by Upton (1962), Upton and Thomas 
(1980), Upton and Fitton (1985), Upton (1987) and Mingard (1990). The 
width of the dyke is such that it can be considered as a long, thin magma 
chamber, rather than an instantaneously quenched body. The complex grades 
from basaltic chills and troctolitic cumulates (with minor gabbros and 
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picrites), through syenogabbroic compositions to localised syenitic pods at 
Assorutit and Krydssø (Upton, 1962) and at Syenitknold and Sydtunge near 
the inland ice (Upton and Fitton, 1985). The pods at Krydssø and Assorutit are 
trohl'joversaturated in composition, where those in the Nunataq region are 
tiongIy,undersaturated. For the purposes of this study, only material from the 
Tugtutôq region (where magmatism extends to oversaturated compositions) 
has been considered. Because of the large surface to volume ratio of the 
YGDC, it is believed to have been relatively fast cooled and secondary 
metasomatic activity is thought to have been minimal. Sample locations are 
given by Mingard (1990). 
9.3 Collection and Treatment of Data 
Biotite analyses were collected from the centres described above. In 
accordance with the caveats expressed in Chapter 8, only qualitative 
comparisons of data will be attempted here and no estimates of ftHF) or 
ftl-IC1) will be made. 
Electron-probe analyses were carried out using wavelength dispersive 
methods (WDS) for 10 elements (K, Na, Mg, Ca, Mn, Fe, Al, Ti, Si, F), with 
Cl excluded (Appendix SC). Concurrent with quantitative WDS analysis, 
qualitative examination of energy-dispersive spectra (EDS) was carried out. 
This ensured that other elements were not being overlooked during the 
analyses. With the exception of occasional small U-pet and a Rb-peak 
encountered in one sample, no other element was detected in significant 
quantities. Rubidium (approximately 1%) was detected in biotites associated 
with Rb-bearing astrophyllites in a pegmatite in the Late Igdlerfigsalik S14 
unit (Sample OGU 326391). 
Cl was excluded from routine quantitative analyses for two reasons; 
first it was known not to rise to large amounts (<0.5 wt.%) in analogous rocks 
from Klokken (Parsons et al., in press): second, the omission of Cl from the 
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list of elements routinely analysed meant that WDS analyses could be carried 
out using only two spectrometers (see Appendix C for further details). This 
allowed use of a less heavily booked two-spectrometer instrument, rather than 
a more popular 4-spectrometer machine. This omission was not considered a 
problem, since in accordance with the caveats expressed in Chapter 8, the 
chlorine contents of the biotites could not be considered in subsequent 
discussions. Gardar biotites were therefore considered as Cl-free members of 
the F-biotite/OH-biotite binary system. 
Data from late-stage veins, aplites or pegmatites were omitted from 
plots and subsequent discussions, since it is likely that fluids associated with 
these would be uncharacteristically fluorine-rich. Where a sample consistently 
provides biotites with fluorine ratios higher than that suggested by the rest of 
the intrusion, these data have been included on diagrams but bracketed away 
from the rest of the points. Although it is clearly dangerous to omit points 
from the discussion merely because they do not fit expected results, such an 
approach may be necessary to observe underlying trends in samples collected 
across entire complexes whose exact field relationships are not known. 
In summary, data presented below are plotted without removal of 
spurious points but with the omission of samples from late-stage veins, aplites 
or pegmatites. Brackets have been placed around analyses which consistently 
provide F-contents above levels expected from other samples from within the 
same unit. 
9.4 Discussion of data for individual intrusions 
The data obtained for each of the centres are presented below intrusion 
by intrusion (Figure .9.1-9.8). Each point on the following diagrams represents 
one single analysis, with at least three analyses (usually more) for each 
sample. This method of presentation for the data was preferred to e.g. plotting 
ranges, since large variations in both F- and Fe/Mg-contents occurred in some 
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samples. Data for the South Qoroq, Early and Late Igdlerfigsalik centres have 
been presented previously (Chapters 5 and 6), but are summarised again here 
(Figure 9.1 and 9.7). For further details readers are referred to Sections 5.8, 
6.2 and 6.3. 
In each of the following examples, a triangular-shaped plot was 
obtained with higher fluorine contents more common for low Fe/(Fe+Mg) 
ratios, sloping down to exclusively low fluorine levels for iron-rich biotites. A 
line has been included on the graphs to represent the limiting F-contents as a 
function of the FeI(Fe+Mg) ratio. It is stressed that these lines are included as 
a guide to the eye, and do not represent any thermodynamic function. 
Early and Late tgdlerflgsalik 
Samples from all the units of the Early and Late Igdlerfigsalik centres 
are plotted together in Figure 9.1. As has been discussed in detail previously 
(Section 5.8), units of the Late Igdlerfigsalik centre each possess slightly 
different fluorine values, but a maximum line can be drawn in for the unit as a 
whole. Biotite data from the Early centre can be interpreted as showing 
reequiibriation with fluids emanating from the Late centre (Section 6.2). 
Klokken 
The data for the Klokken intrusion are presented in Figure 9.2. With 
the exception of one sample (Sample GGU 140130), the graph appears to 
conform to a fairly regular iron-fluorine avoidance pattern, with more 
magnesium-rich compositions having more fluorine. If a straight line is placed 
as an upper limit to the F-levels of biotites with specific compositions, it is 
observed that analyses from the gabbroic sheath (Sample GGU 140062) plot 
far below the extrapolation of this line. Since the gabbro is the outermost unit 
of the stock, adjacent to the country rocks, low F-levels in this unit may 
indicate that fluids associated with the gabbro jiiib id with a fluorine- 
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Figure 9.1: Biotite fluorine data for the Late Igdlerfigsalik centre 
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Figure 9.2: Biotite composition data for the Klokken stock. 
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poor, possibly meteoric fluid, rather than the F-rich, possibly magmatic fluid 
experienced by the syenitic rocks. To test this suggestion regarding the 
provenances of the fluids, oxygen stable isotope data have been collected from 
the Klokken rocks during the course of the present study. Feldspar separates 
were examined for 6180  (see Appendix D for further details). If meteoric 
fluids had reequilibràiE&d 'with the gabbroic rocks, and magmatic fluids with 
the syenites, then 6180  values of these units would be significantly different. 
Samples from syenitic rocks within the centre do indeed show 6180  values 
within the expected range of magmatic-derived fluids (Figure 9.3), closely 
equivalent to values obtained from the BlA MAne Sø intrusion (Chapter 3), the 
Late Igdlerfigsalik centre (Chapter 5) and the YGDC (Mingard, 1990). 
However, values from the gabbro were found to be similar to those from 
syenitic units, suggesting that this fluid was also juvenile in origin. 
KUngnãt 
Data from the Kfingnât intrusion are plotted in Figure 9.4. With the 
exception of five points (samples GGU 26135, OGU 86189, GGU 86188, 
Ul-12), the data again appear to show iron-fluorine avoidance. The data for 
KOngnât show more scatter than other centres in the province, although it is 
clear that the fluorine levels achieved by biotites of given compositions are 
less than in other units (e.g. Late Igdlerfigsalik). In this sense, Küngnât 
appears to be similar to Klokken, another oversaturated centre. 
An important point to note from the Kfingnât data is that EDS 
analyses, run concurrently with quantitative WDS analyses (Appendix C), 
commonly demonstrated the presence of significant Cl-peaks in Kflngnât 
biotites. Separate analyses of Cl-contents of Küngnât biotites (Table 9.1) show 
that up to 1.4% Cl is present. Large chlorine peaks were not observed for other 
centres. 
147 










0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 
d1 80 	
Milan Finch and David Walker 1990 








0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 
 18 	Milan FInch and David Walker 1990 d 0  
Figure 9.3: Oxygen isotopic values for the BlA Mane Sø stock, the Klokken 
intrusion, the Late Jgdlerfigsalik centre and the YGDC. 
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Figure 9.5: Biotite composition data for the Motzfeldt centre. 
Motzleldt 
Data from the Motzfeldt intrusion are plotted in Figure 9.5. Analyses 
from one sample (GGU 58018) consistently plot much higher than other data 
from Motzfeldt. Sample OGU 58018 is a xenolith raft in the SM5 intrusion, 
and it appears that local fluorine-rich equilibrium was set up in this sample. 
With this exception, iron-fluorine avoidance is again observed. Despite 
uncertainty in the positioning of the enclosing line, it is clear that generally the 
limit to the F-contents of the data is much steeper that has been observed at 
Klokken or Küngnât. However, the slope from Motzfeldt compares favourably 
to that observed from the Late Igdlerfigsalik centre, especially the S15 unit 
(Section 5.9). 
Nunarsuit 
Data from the Nunarsuit complex are plotted in Figure 9.6. This graph 
again shows one sample (A155, Nunarsuit syenite) whose data consistently 
plot with more fluorine than other samples of the same composition. This 
sample has been examined under thin section, but as yet, no satisfactory 
explanation for the anomalous behaviour has been forthcoming. The sample 
was collected as part of the PhD mapping of Butterfield (1980), and exact 
field relationships are not known. Another single high value was recorded for 
sample A1(L), but other analyses from the same rock plotted within expected 
levels. 
As before, a straight line (ignoring samples A155 and AI(L)) has been 
marked on the graph to represent the limit to fluorine contents of biotites from 
the centre. This line has a slope slightly greater than either of the other two 




Sample No. 	 Cl content /Wt.% 
UH1/IL 0.419 0.359 0.389 
UHI/tM 0.005 0.079 0.023 0.122 
UH2 0.089 0.155 0.136 0.159 
U147/1 0.279 0.261 0.583 0.594 
UH7/2 0.566 0.558 0.375 0.392 
USI/2 1.391 1.306 1.349 0.968 
Table 9.1: Chlorine contents of Biotites from Küngnât (Data courtesy of W.L. 
Brown). 
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Figure 9.6: Biotite composition data for the Nunarsuit complex. 
South Qoroq 
Data from the South Qôroq centre are plotted in Figure 9.7. The data 
from these units are quite regular, with the exception of one anomalously high 
fluorine value (sample GGU 58150). 
Because of the presence of a recrystallisation boundary in South Qôroq 
as a result of metasomatism by the younger Igdlerfigsalik centres (Stephenson, 
1972, 1976 and Chapter 6), data from South Qôroq have been subdivided into 
two groups; samples within the Igdlerfigsalik aureole, and those outside it. It 
has been shown previously (Chapter 6), that biotite compositions within the 
recrystallisation aureole demonstrate F-contents characteristic of the Late 
Igdlerfigsalik centre, rather than that of the rest of South Qôroq. Biotite data 
for South Qôroq are plotted separately in Figures 6.1 and 6.2, but are 
presented together in Figure 9.7. A straight line is included in Figure 9.7 to 




Data from the YGDC :/.presented in Figure 9.8. The YGDC stands out 
in the intrusions studied since it demonstrates the greatest compositional range 
in biotites with Fe/(Fe+Mg) values from 20% to 95%. Other centres have a 
more restricted range of compositions (e.g. 40% to 95%, Late Igdlerfigsalik). 
In addition, the YGDC is believed from field evidence to represent a single 
magma pulse, with crystal fractionation as the dominant mechanism for the 
formation of evolved compositions (Upton and Thomas, 1980). Because of the 
long-thin shape of the intrusion, it is considered to have cooled very fast with 
respect to other intrusions of the same volume, and hence metasomatic activity 
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Figure 9.7: Biotite composition data for the South Qôroq centre. Samples 
from within the metasomatic aureole are in hatching (see Section 6.3 
for further details). The straight line represents the maximum fluorine 
contents of biotites before resetting by Igdlerfigsalik fluids. 
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Figure 9.8: Biotite composition data for the Younger Giant Dyke Complex. Due to the spread in Fe/(Fe+Mg) values for this 
complex, the enclosing line is drawn as a curve. 
Data from the complex (Figure 9.8) again show regular iron-fluorine 
avoidance, curved in a manner similar to that predicted by the theoretical basis 
of the technique (Chapter 8). The curve can be approximated to a straight line 
in the iron-rich compositional range (e.g. 70% c Fe/(Fe+Mg) < 100%), and 
the gradient of this line suggests lower fluorine levels than in the centres 
previously examined. Unlike other intrusions (e.g. Klokken, Late 
Igdlerfigsalik), the limiting fluorine levels of less evolved compositions lie on 
an extrapolation of the same line observed for iron-rich values; 
9.5 General Discussion of the Data 
From descriptions presented above, a number of points are observed. 
These are discussed in turn below:- 
.L The theoretical studies on which the technique is based (Chapter 8) suggest 
that the F-levels of biotites should vary antipathetically with the 
Fe/(Fe+Mg) ratios of a suite of biotites, for a single fluid in equilibrium at 
one temperature. However, the data for many centres (e.g. Late 
Igdlerfigsalik, YGDC) show a variety of fluorine values for the same 
Fe/(Fe+Mg) ratios. If several fluids had &jiiffibrated with different areas of 
the the pluton at different temperatures, individual samples would still 
cluster around single points. However, in some cases, a large range is 
observed in one sample (e.g. OGU 59690, Early Igdlerfigsalik, SIt unit), 
and hence a spread of high to low fluorine contents does not necessarily 
indicate that samples collected from a single intrusion experienced 
- 	equilibrium with many fluids at different temperatures. 
As has been shown for the South Qôroq centre (Section 6.2), resetting 
of original F-contents of biotites can occur as a result of younger hydrothennal 
activity associated with subsequent intrusive events. It may be, therefore, that 
samples taken to represent an older unit have been reset by younger 
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hydrothermal activity. However, a range of fluorine values is also observed in 
e.g. the basic compositions of the YGDC, which are believed not have been 
overprinted by younger activity. The detailed fieldwork required to decide 
whether individual samples could have been affected by subsequent activity 
was beyond the scope of the present study. 
h Although clear trends are not observed in many centres, due to the spread 
dt' data from fluorine-rich to fluorine-poor values, in every case, an upper 
limit to the fluorine-levels of biotite compositions demonstrate the 
antipathetic relationship predicted by the theoretical basis. Furthermore, the 
apparent slopes of these upper limits varied from intrusion to intrusion and 
appear to reflect different F-contents in the late-stage fluids. In the case of 
the YGDC, the upper limit line coincides with composition-contours 
predicted from the theoretical basis of the technique for equilibrium of one 
fluid at one temperature. However, although iron-fluorine avoidance was 
observed in all cases, in most (e.g. Motzfeldt, Küngnât), the limiting line 
which enclosed the points was not consistent with a theoretical composition 
contour experimental predicfions. 
. In addition to the deviation of the natural and theoretical systems observed 
in these data sets, it is possible that individual units within centres may be 
associated with fluids of different fluorine activities. This has already been 
demonstrated to be true for the units of the Late Igdlerfigsalik centre 
(Section 5.9). Although all units from complexes have been plotted 
together in the diagrams above, the units have also been considered 
separately to detect intrusions associated with fluids of significantly high or 
low fluorine contents. In the course of this examination, no one unit stood 
out from the data set of its host centre. 
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4 Mother practical problem which needs to be considered when examining 
the data was the frequent occurrence of single unreproducible anomalously 
high fluorine-analysis. In one such case (South  Qôroq, sample (3GU 
58150), the F-level recorded for one point reached 8.78% F for Fe/(Fe+Mg) 
of 90%. This value is actually greater than the theoretical maximum F-
content of a biotite of that composition (6.87%). It is possible that these 
analyses represent points where the electron beam has encountered a small 
fluorite grain present in the biotite, as has been shown to exist in some units 
using cathodolunilnescence (Section 5.7). However, these high-fluorine 
analyses do not show corresponding increases in calcium content, and 
hence this explanation is not preferred. It seems more likely that the 
origins of these anomalous data lie in the analysis technique. fluorine 
analyses by WDS methods use a rubidium acid phthallate (RAP) crystal to 
diffract X-rays evolving from the sample. The fluorine counts are taken at 
an angle of approximately 89.3° from the straight X-ray path. Because of 
the large angle' of diffraction needed to analyse for F, the actual number of 
counts collected for even a moderate fluorine content is very low (e.g. 2% 
F is equivalent to approximately 70 counts in 10 s). Natural background 
counts due to e.g. cosmic rays or amplifier noise are usually of the order of 
5 counts per lOs, but can occasionally give unusually high bursts. These 
bursts may, in some cases, be due to the switching on of fluorescent lights 
in the vicinity of the probe. For most elements where counts are of the 
order of 10,000 counts per 10 s, these irregular bursts do not affect the final 
value obtained to any significant degree; however, for fluorine, with its 
very low counts-to-wt.% ratio, an irregular burst of e.g. 100 counts in the 
background values during counting could artificially produce very large 
fluorine contents. With the exception of occasional samples (e.g. OGU 
58018 from the Motzfeldt intrusion) which give consistently high values, it 
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is observed that the very high fluorine contents are encountered only once 
in grains which otherwise produce more regular values. 
£ The theoretical predictions and the observed data also deviate in that some 
basic rocks in a centre lie below F-levels extrapolated from theft syenitic 
counterparts. This is the case whether the gabbroic rocks precede 
(Klokken) or postdate (Late Igdlerfigsalik, Motzfeldt) their associated 
evolved compositions. Only the basic rocks of the YGDC and Küngnât lie 
on the same F-limiting line as their syenitic counterparts. The presence of 
the gabbroic rocks at Klokken as a sheath around the syenitic rocks may 
suggest that the gabbroic rocks experienced equilibrium with fluorine-poor 
meteoric fluids, which had invaded the outer areas of the intrusion. 	4 
However, stable oxygen isotopic data (see above) have failed to indicate 
interaction with meteoric fluids in the Late Igdlerfigsalik or Klokken 
gabbros. 
This "tailing off' of fluorine contents in more basic compositions must 
reflect either a crystallochemical control or local equilibrium. Since the 
YGDC rocks do show a continuous trend from syenitic through intermediate 
to gabbroic compositions without break, crystailochemical control seems 
unlikely. It is therefore necessary to suggest that the biotite-fluid system only 
achieved local equilibrium in the less evolved compositions. It has already 
been suggested (Section 8.4) that the precipitation of fluorite in the vicinity of 
biotites can cause localised fluorine-depleted fluids, which equilibriate with 
the rocks to produce anomalous fluorine-poor biotites. In the more basic 
Gardar compositions, the amounts of hydrous minerals, e.g. biotite and 
amphibole, are generally greater than in evolved rocks. It is suggested, 
therefore, that the "tailing off' of fluorine contents of biotites from gabbroic 
compositions with respect to their syenitic counterparts in many of the Gardar 
centres represents the assimilation of significant quantities of fluorine by the 
larger amounts of hydrous minerals (e.g. biotite and amphibole). In other 
words, there is only a finite amount of fluorine present in the fluid, and 
because of mass-balance considerations, equilibrium with significant amounts 
of hydrous minerals' led Ito the localised reduction of fluorine levels in the 
fluid. 
In the diagrams for the individual intrusions presented above, a 
limiting line has been included to represent the maximum fluorine content of 
biotites observed in the centre as a function of their iron-magnesium ratios. 
These lines do not represent any thermodynamic function, but are included as 
a guide to the eye. The limiting lines for the Gardar centres have been placed 
on a single diagram (Figure 9.9), so that the relative limit to fluorine contents 
of fluids associated with each of the centres can be compared. Although the 
exact positioning of lines on the F versus Fe/(Fe+Mg) plots for individual 
centres is perhaps open to some debate, the conclusions about the relative 
positions of these lines with respect to each other are clear. 
The YGDC appears to be associated with the most fluorine-poor fluid 
of the centres of the Gardar. As has been discussed in Section 9.4, the YGDC 
7his1agesurface4o-vo1umeratio compared with other intrusions, and 
therefore cooled relatively quickly. It is believed that subsolidus activity 
associated with the YGDC was minimal. The low absolute fluorine levels of 
the YGDC biotites and the very regular nature (Section 9.5) of theft F versus 
Fe/(Fe+Mg) plots may indicate that no resetting of F-levels in the biotites has 
occurred in the subsolidus, and hence that these F-levels reflect maginatic 
fluorine activities. 
Figure 9.9 also demonstrates that, generally speaking, undersaturated 
centres have more fluorine-rich biotites than do oversaturated centres. 
However, some overlap exists between fluorine values from the oversaturated 
Nunarsuit complex, and the undersaturated South Qôroq centre. it is tempting 
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Figure 9.9: Summary of maximum lines for fluorine versus Fe/(Fe+Mg) for Gardar biotites. These lines are taken from Figures 
9.1 to 9.8. 	- 
rich fluids, and, although this may indeed be the case, it cannot be ruled out 
that the difference in gradient is due to differences in fluorine speciation in the 
fluid, rather than the total amounts of fluorine present. One possibility to 
explain the differences observed lies in the stability of polyfluorosilicate ions 
(e.g SiF62 ). These ions are known to be formed in fluorine-rich, silicon 
bearing solutions, due to the strong chemical affinity of fluorine for silicon 
(Busey S al., 1980). As is discussed above, the late-stage fluid is formed by 
final cooling and crystallisation of the silicate phases within the magma, rather 
than a product of secondary boiling, since fluorine is strongly partitioned into 
melt during the latter process (Webster, 1990). During crystallisation of silica 
oversaturated magma, it is reasonable to suggest ilia1the final fluid will have 
a greater silica activity than for silica undersaturated compositions. 
Furthermore, due to the high fluorine levels present, this silicon will be 
transported as strongly bound polyfluorosiicate ions. If the overall amount of 
fluorine in all Gardar fluids was roughly equivalent. (i.e. there is no link 
between composition and fluorine levels in the resultant fluid), then the 
amounts of HF' and F ions in the fluid would be less in oversaturated 
compositions, since more fluorine would be tied up as fluorosiicate 
complexes. The polyfluorosiicate ions are large and strongly bound, and 
hence it is likely that biotite equilibria depend onftllF) andftF7 but not e.g. 
f(SIF62 1). Therefore, because of different speciation, the JTHF) and ftF) of the 
fluid and hence the fluorine contents of biotites will be greater in 
undersaturated rocks. 
An alternative view is that there is a true relationship between silica 
saturation in the magma and the fluorine content of the resultant late-stage 
fluid. The association of methane-bearing fluid inclusions with agpaitic 
magmatism and carbon dioxide in fluids from miaskitic units (Konnerup-
Madsen, 1984) has already suggested links between magma composition and 
the resultant fluid chemistry. In addition, late-stage aplites and pegmatites 
162 
from Nunarsuit, Kilngnât and Klokken do not contain large amounts of 
fluorite (although fluorite is sometimes observed in these centres), which is in 
stark contrast with the fluorite-rich pegmatites observed associated with 
undersaturated magmatism. This supports the suggestion that differences in 
fluorine contents of biotites truly reflect differences between the F-contents of 
fluids associated with undersaturated and oversaturated rocks. 
Assuming that thete is a relationship between silica saturation of the 
magma and the resultant fluorine content of the fluid, then the data of Munoz 
(1984) can be used to make a quantitative estimate of the relative fluorine 
contents of the different fluids across the Gardar. Although much doubt about 
the accuracy of the technique in quantitative terms has been expressed 
previously (Chapter 8), by using these data to compare values across the 
the uncertainties in both the species involved and the equilibrium 
This assumes that the fluids of the Gardar centres 
interacted at similar temperatures, and that the chemistry of the fluids was 
similar except in their fluorine contents. Taking the experimental data of 
Munoz on face value, the YGDC (apparently the most fluorine-poor centre in 
the Gardar) can be replotted as Fe/(Fe+Mg) versus log(wt.F/%) diagram 
(Figure 9.10). A line, calculated from the expressions given in Munoz (1984), 
can be added to the diagram to show a fugacity contour for log(ftH2O)/JHF)) 
= 4. Strictly, since weight percent fluorine is plotted on the y-axis and the 
relative molecular masses of annite and phiogopite are different, the contour is 
a gentle curve, but may be approximated closely by a straight line. The top 
limit to the YGDC data appears to fit this predicted line well. Although the 
other Gardar centres do not conform as well to theoretical predictions, if a 
similar approach is carried out, lines consistent with the data of Munoz, can be 
added to the upper limits of the biotite composition data. From these, resulting 
log(ft1120)/JIHF)) values can be arrived for each centre. The results of this 
calculation are presented in Table 9.2. The maximum difference between the 
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Younger Giant Dyke Complex biotites 
0 
Fugacity contour after Munoz (1984) 
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Figure 9.10: Plot of log(wt.F/%) versus Fe/(Fe+Mg) for the YGDC biotites. A line representing the calculated trace for 





Centre 	 ____ 	I 
Late Igdlerfigsalik 	 3.5 
Motzfeldt 	 3.6 
South Qôroq 	 3.7 
Nunarsuit 	 3.75 
KQngnât 	 3.85 
Klokken 	 3.85 
YGDC 	 4.0 
Table 9.2: Maximum values of/ll2O)/ftHFF for Gardar centres, after the 
method of Munoz (1984) (see text for dicussion). 
least (YGDC=4) and most (Late Igdlerfigsalik=3.5) fluorine-rich centres is 0.5 
units of log(f(H20) 1 HF)), which corresponds to a value of 
ftHF j0/flHF)yQ In other words, the fluid associated with the Late 
Igdlerfigsalik centre contained approximately thié times more available 
fluorine (either as HF, F or perhaps other species) than that associated with 
the YGDC. 
9.6 Conclusions 
Biotites from the Gardar province contain significant amounts of 
fluorine, but chlorine levels are consistently low (<0.5%), except in the 
Kflngnât intrusion where levels teach up to 1.4% Cl. The biotites may be used 
as indicators of the fluorine contents of late-stage fluids associated with 
alkaline magmatism. The data from the province fit the enertd trends 
proposed from the theoretical basis of Munoz (1984) only poorly, and support 
earlier doubts (Chapter 8) about the applicability of the technique to 
quantitative studies. Data deviate from theoretical expectations in three 
important ways: first, biotites often demonstrate a spread of values from 
fluorine-rich to fluorine-poor values for the same restricted iron content. 
Second, biotites from basic equivalents to more evolved compositions from 
within the same centres often lie below the maximum F-lines extrapolated 
from evolved compositions. Third, the limiting lines for most centres do not 
conlonn closely to those predicted by the theoretical basis. 
It is suggested that local equilibrium conditions are set up in some 
samples, due to increased amounts of hydrous minerals (especially for basic 
compositions) and the precipitation of fluorite. Infiltration by fluorine-poor 
meteoric fluids is ruled out by stable oxygen isotopic studies. 
A comparison of the fluorine contents of biotites from the province 
shows that generally speaking, undersaturated magmatism is associated with 
more fluorine-rich biotites. This could be due to:- 
L Differences in the speciation of fluorine between fluids from over- and 
under-saturated magmas) The increased silicon content of fluids from 
oversaturated magmas may have complexed significant amounts of 
fluorine as the highly stable hexafluorosiicate ion (S1F 62 ). Since biotite 
equilibria are likely to be dependent on ftHF) and f(F) but not fiSiF6 2 ), 
and assuming that the total amount of fluorine evolved from over- and 
under-saturated magmas is roughly the same, more fluorine complexed as 
hexafluorosiicate in fluids from oversaturated magmas results in less 
present as HF or F. 
L The observed trends may reflect a true relationship between silica 
saturation of the magma and the fluorine content of the resultant fluid, a 
view supported by observations of amounts of fluorite present in 
pegmatites associated with under- and over-saturated magmatism. 
Whatever the reason for the relationship 'between fluorine contents of 
biotites and silica saturation of the magma, the method of Munoz (1984) can 
be used to suggest approximate estimates of the relative fluorine contents of 
fluids between centres of the Gardar. The YGDC, which has the lowest 
fluorine contents of biotites from the province, closely fits predicted trends, 
with, using Munoz' data at face value, log(f(11 20)/fiHF))=4 at 1000 K. The 
greatest fluorine in biotites comes from the Late Igdlerfigsalik centre, which, 
at the same temperature, can be approximated to a fugacity contour of 
log(fiH2O)/fiHF))=3.5. Dividing one value by the other, the relative contents 




Introduction to Section D 
In this section, results from cathodoluminescence studies from each of 
the Gardar centres are presented (Chapter 10). These data are compared with 
conclusions drawn in Chapter 9 regarding the relative amounts of fluorine in 
fluids from the same centres. The SM6 unit of the Motzfeldt centre is 
considered separately in Chapter 11, where the properties of zinc minerals 
from the unit are used to provide a further insight into metasomatic processes. 
In Chapter 12, the crystallographic consequences of metasomatic processes in 
the llImausaq centre are considered. 
The final chapter (Chapter 13) of this section (and the thesis) 
summarises and thaws together all the available data on alkali metasomatic 
processes across the Gardar and makes final conclusions on the chemical and 




Cathodolurninescence Studies across the Gardar Province 
10.1 Introduction 
Cathodoluminescence as a technique for the study of alkali 
metasomatism has already been described during a detailed examination of 
autometasomatism in the Late Igdlerfigsalik centre (Chapter 5). In the present 
chapter, the results of similar, although less detailed, studies of other centres 
of the (Jardar are presented. This chapter does not attempt to fully explore the - 
detailed differences between the CL-petrography of the various centres; rather 
to present a general overview of the levels and styles of alteration observed 
across the Gardar. 
The centres chosen for this study are the same eight as were presented 
in Chapter 9, i.e. Early and Late Igdlerfigsalik, Klokken, Küngnât, Motzfeldt, 
Nunarsuit, South Qôroq and YGDC. The structures of these centres have been 
described in Section 9.3. The results of CL-studies are presented from each 
intrusion in turn in Section 10.2, and a more general discussion is given in 
Section 10.3. 
10.2 Cathodoluminescence studies of (Jardar centres 
The results of studies from the Early and Late Igdlerfigsalik centres 
have already been described in detail in Section 6.2 and Chapter 5 
respectively. These studies, especially that from the Late Igdlerfigsalik centre 
(Chapters 4-7) are the basis for the following descriptions of other centres. 
Results are presented below in alphabetical order of intrusion. 
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Klokken 
The Klokken intrusion has been studied by Parsons and co-workers 
(see Section 9.3) and is believed to be an example of a centre which has 
experienced minimal, and in some cases no, deuteric alteration. It has been 
proposed by Parsons and Becker (1986) that deuteric fluids passed along the 
Laminated syenitic units only, and that the Granular syenites largely avoided 
subsequent alteration. In accordance with their suggestions, samples from the 
cryptoperthitic Granular syenite units demonstrate exclusively even-blue 
luminescent feldspars, without any evidence for reddening of CL-colours. The 
Laminated syenite units, which are believed to have experienced deuteric 
alteration, do show some red-luminescing feldspar, although not to large 
amounts (maximum f1i.=15%, sample GGU 140201). However, it has been 
noted that the blue luminescence in the Laminated syenites is not as even as is 
observed in the pristine Granular syenites, and zones of dull-blue luminescent 
feldspar commonly occur. These dull-blue zones are spatially associated with 
turbidity in the feldspars, and with other indicators of alteration such as small 
grains of calcite and fluorite. It appears, therefore, that alteration of feldspars 
at Klokken differs from that observed at Late Igdlerfigsalik in that the product 
of alteration at Klokken is not a distinct red-luminescing feldspar, but a poorly 
luminescent blue variant. This style of alteration is a second type of alteration 
process in feldspars, which can be viewed readily using CL. 
Apatites from Klokken show orange to dark orange CL-colours, 
indicating the presence of REs. CL-textures (Section 5.7) show irregular 
concentric, fracture and overgrowth textures, and three-zoned apatites similar 
to those observed in the S17 unit of Igdlerfigsalik are common. This 
observation supports the view that a single phase of fluid alteration occurred at 
Klokken. Zoning of apatites is far less common in the Granular syenites than 
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in theft Laminated equivalents, and in the most pristine examples (e.g. GGU 
140140), apatites are unzoned. 
Calcite and fluorite have been noted from a few rocks (e.g. GGU 
140081), and a small patch of zeolites occurs in sample GGU 140049. 
Küngnát 
CL-studies at Küngnât showed red and blue luminescent feldspars, 
similar to those observed at Late Igdlerfigsalik. F.l.i.s for Küngnât units were 
commonly of the order of 50% (e.g. GGIJ 86193), but reached up to 90% in 
e.g. GGU 81134. In addition, dull blue luminescent feldspar was observed, 
similar to the style of alteration observed at Klokken. Calcite, fluorite and 
zeolites were relatively uncommon. Green-luminescent zircons commonly 
showed zoning. 
Motzleld I 
Cathodoluminescence studies of samples from Motzfeldt demonstrate 
similar textures to those observed at Igdlerfigsalik. Metasomatic alteration of 
feldspars produced reddening of cathodoluminescence colours, and hence, 
unlike at Klbkken, the feldspar luminescence index (defined  in Section 3.2) 
truly reflects volumes of feldspar altered. F.l.i.s for units commonly show 
values of 70% (e.g. Sample AM 122, HY), with a maximum of 95% (Sample 
GGU 54157, SM3). In the SM6 unit feldspars are consistently red (i.e. 
f.1.i.=100%), and hence it may be either that metasomatic alteration of this unit 
has been pervasive, or, perhaps more likely, that the lujavritic magma of SM6 
crystallised primary red-luminescing feldspar. In addition to red and blue-
luminescing feldspars, one sample of a xenolith (Sample OGU 58018) 
demonstrated yellow luminescent feldspar. 
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Figure 10.1: Zoned sodalite from the Motzfeldt centre (Sample GGU 54142). 
The original poorly luminescent nepheline is still present (marked Ne). 
(Field of view 4 mm). 
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Figure 10.2: Mantling of nepheline grains by orange luminescent sodalite. 
Note the formation of a slightly luminescent transition zone in the 
nepheline (Sample GGU 54157). (Field of view 4 mm). 
The poorly luminescent nephelines of Motzfeldt in one case (Sample 
GGU 54142, SM2) demonstrated very pale blue oscillatory zoning, which 
could be correlated to zoning patterns visible in ppl. 
Excellent sodalite-fluorite associations are commonly observed, with 
fluorite in one sample (AM 110) comprising about 35% of the volume of the 
original nepheline. In (iOU 54142 (SM2), a zoned sodalite was noted, with 
CL-colours varying from orange-yellow to white (Figure 10.1). In addition to 
zoning, two new sodailte-fluorite textures were observed from Motzfeldt. The 
first is where alteration of euhedral nepheline crystals occurs at grain 
boundaries, leading to very fine mantling of the nepheline (Figure 10.2, 
Sample (iOU 54157, SM3). The second new texture was observed from 
Sample AM 118 (1-IY), where a late-stage vein of sodalite occurs, with fluorite 
precipitated at the boundary between the vein and the host rock (Figure 10.3). 
Other luminescent minerals commonly observed from the Motzfeldt 
rocks were apatite, calcite and fluorite. Apatites usually luminesce orange, and 
demonstrate zoning patterns similar to those of Late Igdlerfigsalik. Examples 
of canary yellow (Sample (iOU 58007b, Phonolite xenolith in SMI) and blue 
(e.g. Samples GOU 54138 and 54157, SM3) to mauve (e.g Sample AM 98, 
HY) luminescing apatites were also observed. These latter colours were less 
common than orange-luminescing variants, and in GGU 54157, both orange-
and blue-luminescing apatites occurred in the same sample. Chaotic zoning 
was often observed. Calcite and fluorite were present both as disseminated 
grains associated with turbidity in feldspars, and as visible crystals. In a 
basaltic xenolith (Sample (iOU 58006), blue to green, irregularly zoned 
garnets were also noted. 
In the SM6 unit, two zinc minerals (genthelvite and willemite) were 
also recognised by their bright green luminescence. A full description of these 
zinc minerals and their significance is presented separately in Chapter 11. 
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Figure 10.3: Late-stage vein of polygonal crystals of orange-luminescing 
sodalite, with blue-luminescing fluorite precipitated at the boundary 
with the host rock. The feldspars of the host rock are luminescing red 
(Sample AM 118). (Field of view 4mm). 
Nunarsuit 
Alkali feldspars from the Nunarsuit intrusion are commonly 
cryptoperthitic and parallels have been drawn between this intrusion and the 
Klokken stock (e.g. Parsons and Butterfield, 1981). However, alteration of 
- alkali feldspars at Nunarsuit is generally more widespread than at Klokken, 
and under CL, the feldspars of the two centres are vastly different. Whereas 
feldspars at Klokken are most commonly altered to dull-blue, poorly 
luminescent variants, Nunarsuit feldspars are altered to bright red luminescing 
feldspar, similar to those observed at Igdlerfigsalik and the BlA MAne Sø (see 
Chapter 3). The feldspar luminescence index (defined in Chapter 3) is 
therefore a good representation of the volume of feldspar altered during 
metasomatism at Nunarsuit. Some samples from Nunarsuit show f.l.i. of 100% 
(e.g. Sample A 118), and values of 60% are common. However, the 
luminescence of strain-controlled feldspar intergrowths is always blue. In 
many samples, formation of red-luminescing albite has occurred as veins 
within blue-luminescent, strain-controlled intergrowths, without pervasive 
catastrophic coarsening extending away from the red-luminescing areas 
(Figure 10.4). In some areas, however, percolation of fluids along grain 
boundaries has brought about coarsening of feldspar lamellae, and in some 
cases (e.g. Figure 10.5) the wavelength of the coarsened exsolution lamellae 
appears to increase with progressive reddening of the luminescence colour. In 
Nunarsuit pegmatites (e.g. Sample NS 14), no relict blue cores of feldspars 
have been observed (i.e. f.l.i.=l00%), and it cannot be ruled out that the 
Nunarsuit pegmatites crystallised primary red-luminescing feldspar. 
Another interesting feature of the Nunarsuit feldspars is the occurrence 
of zoning patterns within some feldspars in partly altered rocks, with 
oscillatory zones of alternate red- and blue-luminescence (Figure 10.6). 




Figure 10.4: Precipitation of red-luminescent albite in microfracPires within 
blue-luminescent cryptoperthitic feldspar. Remarkably little coarsening 
of the ctyptoperthite away from the boundary with the red-luminescing 
feldspar has occurred (Sample A2). (Field of view 4 mm). 
F igure 10.5: Development of red-luminescent feldspar at grain boundaries. 
Note the way the wavelength of the exsolution lamellae appears to 
increase with progressive reddening (Sample A7). (Field of view 4 mm). 
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Figure 10.6: Oscillatory zoned feldspar from Nunarsuit, with zones defined 
under CL by alternate red- and blue-luminescent areas (Sample A 138). 
(Field of view 4 mm). 
Figure 10.7: Oscillatory zoned pale grey-green luminescent zircon from a 
Nunarsuit pegmatite. Very fine-scale oscillatory zones are overprinted 
by small scale fracture zoning (Sample NS14). (Field of view 4 mm). 
red oscillatory zones are often not continuous around the whole crystal, being 
best developed near areas of alteration. 
Apatites are orange under CL, with textures often chaotic, and are 
taken to indicate repeated metasomatic activity (Section 5.5). Calcite and 
fluorite are observed rarely as small disseminated grains. Zircon is a common 
accessory in Nunarsuit rocks, and, when observed, shows pale greenish-grey 
CL. Oscillatory zoning is common in these (e.g. Figure 10.7). 
South Qôroq 
Results from CL studies of the South Qôroq rocks were similar to 
those of the Late Igdlerfigsalik centre. As has been the case previously 
(Section 6.1, Chapter 9), the data from South Qoroq hanbeen subdivided into 
two groups; those samples lying within the Igdlerfigsalik aureole, and those 
lying outside it. Outside the aureole, SS2, SS3 and SS5 all demonstrate 
reddening of blue luminescence colours in alkali feldspars, with feldspar 
luminescence indices commonly reaching of the order of 60% (e.g. GGU 
127021), but in one case 100% (Sample GGU 58229, SS3). The f.l.i.s of 
earlier units (SS2 and SS3) were generally found to be higher than those of 
subsequent units. Units SS4a and SS4b (the last two intrusive events of the 
centre, Section 9.2) usually showed only blue luminescence (i.e. f.l.i. = 0%), 
although one sample with an f.l.i. of 20% was encountered (SS4a, Sample 
GGU 58228). Sodalite/fluorite associations, equivalent to those in the Late 
Igdlerfigsalik rocks (Section 5.6), were observed, and in one case (Sample 
GGU 58230), the amount of fluorite veining was such that fluorite comprised 
approximately 40% of the volume (Figure 10.8). Contacts of sodalite against 
original nepheline were also common. 
Zoning of apatites was recorded from most samples, with at least three 







Figure 10.8: Sodalite-fluorite texture from South Qôroq. The original 
nepheline can be seen to the left (dull brown luminescence, marked N). 
Notice how the veins of fluorite are beginning to extend into the 
nepheline (Sample GGU 58230). (Field of view 4 mm). 
but were less common in the two later units (SS4a and SS4b). Veining by 
zeolites was also noted. 
The observations outlined above were also made from most samples 
within the Igdlerfigsalik metasomatic aureole (Section 6.1). However, 
occasionally highly altered samples (e.g. SS4b sample OGU 58164 has f1i = 
90%) were encountered in this zone, and these anomalous features are 
believed to result from metasomatic activity associated with the younger 
centres. 
YGDC 
As has been outlined previously (Section 9.3), the YGDC is considered 
to have been emplaced as a single magma pulse, and crystal fractionation was 
the dominant mechanism for the formation of the more evolved compositions 
(Upton and Thomas, 1980). Because of its large surface area to volume ratio, 
the YGDC is considered to have been fast cooled, with minimal lat&-stage 
metasomatic activity. This suggestion is supported by the halogen contents of 
biotites from the complex (Section 9.4). 
Cathodoluminescence studies of material from the YGDC have been 
carried out on sixteen samples, including syenogabbros and syenites from the 
Assorutit and Kiydssø pods. An examination of f.l.i. values showed that the 
YGDC data had significantly lower amounts of feldspar reddening under CL 
than e.g Late Igdlerfigsalik, with the vast majority of samples showing 
exclusively blue luminescent feldspars. Reddening of blue-luminescent 
feldspars, associated with alteration, was observed with the more evolved 
compositions in the Assorutit pod, although alteration in equivalent 
compositions from Kiydssø provided only dull-blue luminescent feldspars. 
This latter style of alteration is similar to that observed at Klokken (see 
above). Where reddening of feldspar CL colours does occur, it has been 
observed that zeolites (identified by yellow luminescence) are always absent. 
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Only one sample (GGIJ 186221, KsydssØ syenogabbro) contains neither 
reddened feldspar nor zeolites. 
Samples from the YGDC also demonstrate the presence of small 
amounts of calcite and fluorite. The distribution of these minerals is irregular, 
with calcite relatively common and fluorite relatively rare (see Figure: 10.11). 
10.3 Trends Observed in Catliodoluminescence Studies 
The results detailed above are now brought together in an attempt to 
observe trends across the Gardar province as a whole. 
CL of Alkali Feldspars 
Cathodoluminescence of alkali feldspars is an important tool in 
observing the effects of late-stage alteration in syenitic rocks. Generally, it can 
be seen that alkali feldspars crystallised as blue-luminescing variants, although 
it is possible that feldspars from the Motzfeldt SM6 unit and the Nunarsuit 
pegmatites crystallised primary red-luminescent feldspar. Strain-controlled 
feldspars are always blue-luminescing and subsequent alteration can take 
place in two ways. First, the change from blue-luminescing feldspar to a red-
luminescing equivalent can occur, and this texture is observed to some extent 
in all of the centres studied. The degree to which this style of alteration is 
developed in a sample is reflected by the f.l.i. value. The second mechanism 
of alteration is the change of bright-blue luminescing mineral to a dull-blue 
variant, and this is common at Klokken, Kfingnât and in the Krydssø pod of 
the YGDC. In the YGDC, red-luminescing feldspar and zeolites are mutually 
exclusive. 
The alteration observed at Nimarsuit is distinct from other centres 
since discreet veins of red-luminescing feldspar were formed within 
cryptoperthitic feldspars, without evidence for pervasive alteration extending 
away from the red-luminescing, deuteric feldspar intergrowths (Figure 10.4). 
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In the other centres, where the alteration process is pervasive, strain-controlled 
intergrowths, where present, occur in cores of altered feldspars. Hence, it 
appears that Nunaisuit feldspars have been more resistant to pervasive 
metasoinatic alteration than feldspars from other centres. This can be 
explained in terms of the primary microporosity of those feldspars. As has 
been discussed previously (Section 3.3), alteration of alkali feldspars is 
believed to occur by conduction of fluids through a permeable micropore 
network. This network may be formed during cooling of the feldspar by the 
exsolution of water (Worden et al., 1990), which provides a small, 
interconnected primary microporosity. Subsequent fluid interaction enhances 
the microporosity, and provides a means for pervasive alteration. The 
development of primary microporosity, therefore, determines whether a 
sample will experience pervasive micropore-assisted alteration or whether 
alteration will be restricted to grain boundaries. Since the Nunarsuit alkali 
feldspars are commonly cryptoperthitic, their microporosities are likely to be 
low (Worden et al., 1990), and hence alteration at Nunarsuit largely took place 
by fluid passage along grain boundaries. It has been suggested by Worden et 
al. (1990) that the development of primary microporosity may be linked to the 
activity of water at the time of feldspar crystallisation, and e.g. Finch et al. 
(1990) have related differing styles of metisomatic alteration to different 
water activities in the magma. The Nunarsuit magmas, therefore, would have 
been those with the lowest water activities of the centres studied. 
Another characteristic feature of the Nunarsuit feldspars is the 
development of oscillatory zoned alkali feldspars, with red- and blue-
luminescent zones. The lateral inconsistency of the red zones, and theft 
development only close to areas of alteration, suggests that although the 
original cause of the zoning may have been a magmatic feature, the zoning 
pattern has become visible due to some interaction with the fluid phase. As 
has been discussed above, the alteration of alkali feldspars is believed in many 
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cases to occur by conduction of fluids along interconnected micropores, and 
the development of primary microporosity depends on the activity of water at 
the time of feldspar crystallisation. The oscillatory CL-zoning patterns of 
some Nunarsuit feldspars may suggest that the activity of water fluctuated 
during growth of the feldspar crystal and oscillatory zoning of the feldspars in 
theft water content occurred. Given that the water content of the alkali 
feldspar determines the amount of primary microporosity, hydrothermal 
alteration of feldspars zoned in their water contents would occur preferentially 
along specific zones. 
The two styles of feldspar alteration may result from either physical or 
chemical differences in the fluid, or from chemical differences in the original 
magmatic feldspar. The causes of the luminescence colours in feldspar have 
been reviewed previously (Section 3.3). It was shown that the blue 
luminescence arose from an E'-defect in the silicate lattice, and that red-
luminescence was attributed to an excitation band caused by the presence of 
Fe3+. Blue luminescent feldspars also contain the red-luminescence peak, but 
this colour is masked by the more dominant and broader blue luminescence 
band. During metasomatic alteration of alkali feldspars to red-luminescing 
feldspar, the defect which caused the blue luminescence is healed, allowing 
the red-peak to become visible. In addition, the Fe-content of the feldspar is 
increased with progressive action of the fluid phase, strengthening the red-
colour. In the case of the blue to dull-blue feldspar alteration, healing of the 
blue luminescence is probably occurring in the same way as before, but either 
the red-luminescence peak was absent in the first place from the feldspar, or 
the alteration process did not amplify that peak. The absence of zeolites from 
samples showing red-luminescent feldspars in the YGDC suggests that 
temperature of alteration may be important, since zeolites are low-temperature 
hydrothermal minerals; i.e. alteration to red-luminescent feldspars may be a 
higher temperature equivalent to alteration to dull-blue luminescent feldspar 
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variants and the formation of zeolites. The cooling-rate of the intrusive body 
may also be important in determining which style of feldspar alteration 
predominates. In the YGDC, reddening of CL-colours of feldspars from the 
Assorutit pod is observed, whereas analogous alteration in the Kiydssø pod 
gives rise to dull-blue alteration of the Klokken type. The differences in 
alteration between these two pods may be due to fluid interaction at a higher 
temperature at Assorutit than at Krydssø. 
The frequency of f.1.i.s for each of the centres studied have been 
plotted as graphs in Figure 10.9. Generally speaking, it is observed that there 
is a progression from those centres with very low f.l.i.s (e.g. Klokken, max 
f1i.=15%) through others where reddening of blue feldspar luminescence 
colours becomes more common to e.g. Nunarsuit, where values of f.l.i. > 50% 
are most common. To compare the centres to each other, and to observe trends 
between centres, the frequency histograms for each of the centres have been 
matched to smooth curves, and these curves have been placed on a single 
diagram (Figure 10.10). Although the exact nature of the smooth curve in 
some cases (e.g. Motzfeldt) is open to debate, a general trend is clear, passing 
from centres which have experienced little reddening of feldspar luminescence 
colours (e.g. Klokken, YGDC), to those where such alteration is commonplace 
(e.g. Motzfeldt, Nunarsuit). This diagram summarises the volumes of altered 
feldspar in each of the Gardar centres as determined by cathodoluminescence 
of feldspars. 
Apatite Textures 
Apatites were pbserved in all of the centres, and usually showed 
orange or dark-orange luminescence colours. Canary yellow luminescence 
was sometimes observed from basic rocks, and this can be explained in terms 
of the presence of Mn2+ centres in both colours of apatite, but with the 
additional presence of REs in the orange and dark-orange variants. Blue- and 
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mauve-luminescent apatites are those with REs, but without Mn (Mariano and 
Ring, 1975). The zoning scheme presented in Section 5.5 was successfully 
applied to zoning patterns throughout the Gardar. Generally, three-zoned 
apatites were observed in intrusions which had undergone one phase of 
metasomatic alteration (e.g. Klokken), representing RE-enrichment by 
competing diffusion and precipitation processes. Apatites were unzoned in 
samples containing exclusively strain-controlled feldspars. In a few rocks 
from Motzfeldt and South Qôroq, blue- or mauve-luminescing apatites were 
noted. 
Feldspathoids 
Of the feldspathoids, only sodalite is easily recognised under CL. It has 
been observed at Igdlerfigsalik (Section 5.5) that sodalite is commonly 
associated with deep-blue luminescing fluorite, and vein-network textures are 
formed. Similar textures have been observed in all the undersaturated centres. 
In addition, zoned sodalites and two other sodalite textures have been 
observed from Motzfeldt (see above). In all of the undersaturated centres, 
sodalite-fluorite associations indicate that sodalite is secondary after primary 
nepheline (see Section 5.6). 
Calcite, Fluorite and Zeolites 
Calcite and fluorite have been observed in all of the centres studied, 
and zeolites in all but Klokken. The frequency of occurrence of these minerals 
varies across the centres of the Gardar and is summarised in Figure 10.11. 
Generally, larger volumes of calcite, fluorite and zeolite alteration are 
associated with silica-undersaturated magmatism. This is supported by the 
fact that calcite and fluorite are commonly observed in undersaturated 
pegmatites, but are relatively rare in pegmatites from oversaturated centres. 
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Frequency of the occurrence of calcite, fluorite and zeolites in samples of each 
of the Gardar centres. The frequency refers to the percentage of slides in 
which identification of the mineral has been confirmed using CL- 
petrography. 
than other centres, and, since zeolites are low temperature minerals, this may 
be due to the fast cooling of this centre. 
The presence of more fluorite in undersaturated magmas is supported 
by previous studies (Chapter 9) on the halogen contents of biotites from the 
province. In that chapter, it was observed that silica-undersaturated rocks were 
associated with more fluorine-rich biotites for the same Fe/(Fe+Mg) ratio than 
their equivalents from oversaturated centres. 
10.4 Conclusions 
Alteration styles vary from centre to centre across the (3ardar. Feldspar 
alteration can occur via two mechanisms: first by alteration of primary blue-
luminescent feldspar to a red-luminescent variant; second, by alteration of 
blue-luminescent feldspar to a duller-blue luminescing variant. Volumes of 
altered feldspar, as determined using the feldspar luminescence index (defined 
in Section 3.2), show that larger amounts of alteration are observed in e.g. 
Nunarsuit and Küngnât than in e.g. Klokken and YGDC. 
Nunarsuit contains much cryptoperthitic alkali feldspar, which has 
been resistant in many cases to metasomatic alteration. In these cases, new 
red-luminescent feldspar is precipitated as discreet veins without pervasive 
deuteric coarsening away from the red-luminescing areas. fluid action along 
grain boundaries is also common in Nunarsuit. Alteration of Nunarsuit 
feldspars differs from that of other centres in the province since alteration is 
more localised and less pervasive. This feature may be related to lower 
activities of water in the Nunarsuit magmas with respect to the other Gardar 
centres studied. 
CL-textures of apatites are generally similar to those observed at Late 
Igdlerfigsalik, although blue, mauve and canary yellow CL-colours are also 
observed. Calcite and fluorite are common throughout the province, although 
they are generally more abundant in undersaturated rocks. 
IWIII 
Chapter 11 
Zinc Minerals associated with alkaline magmatism from SM6 
11.1 Introduction 
The Motzfeldt centre comprises a series of nested nepheline syenite 
intrusions and is pail of the Igaliko complex of the Gardar province of South 
Greenland (Emeleus and Upton, 1976; Upton and Emeleus, 1987). The 
petrology and field relationships of the centre are described by Emeleus and 
Hairy (1970), and in further detail by Jones (1980, 1984), where the SM6 unit 
is first described. The SM6 unit is a lujavrite (a eudialyte nepheline 
microsyenite), formed by the accumulation of lujavritic magma underneath 
large xenoliths of country-rock basalt (Jones, 1980). 
Zn-rich minerals are commonly reported from strongly alkaline or 
agpaitic provinces, such as the Khibina massif, USSR (e.g. Shlukova et al., 
1980). In the Gardar province, zinc is known in the form of sphalerite (ZnS) 
(Sorensen, 1962), along with lesser amounts of other minerals, such as 
hemimorphite (Zn4Si2O7(OH)2.H20), genthelvite (Zn4Be3Si3O 12S) 
(Bollingberg and Petersen, 1967), and wifiemite (Zn2SiO4) (Metcalf-
Johansen, 1977). In addition, zincian nordite (Na 3Ce(Sr,Ca)Zn2Si6O18) is 
described from a peralkaline trachyte dyke by Upton et al. (1976). 
11.2 Description 
Three samples of lujavrite (AM137, AM138 and AM159) were 
studied and localities of these samples are given by Jones and Larsen (1985) 
and in Appendix A. Zn-rich minerals were identified in the lujavrites using 
cathodoluminescence, since Zn-rich phases luminesce with characteristic, 
strong green colour (Figure 11.1). The identity of the phases was subsequently 
revealed by electron-probe analysis. Genthelvite was discovered in all of the 
samples, and is associated with willemite in one rock. 
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Figure 11.1: Bright green luminescing grains of genthelvite under CL. 
Photograph is underexposed to demonstrate the bright luminescence of 
the Zn-bearing phases (Sample AM 159). (Field of view 4 mm). 
Genthelvite has been found as small interstitial patches up to 0.2 mm 
across, and disseminated grains of a few microns size throughout all of the 
samples. In the case of sample AM137, genthelvite is intimately associated 
with willenilte and patches of sericitic and zeolitic alteration. Willemite grains 
are up to approximately 50 microns across and from textural evidence are 
interpreted as secondary. Larger grains of genthelvite can show zoning under 
CL, and it has been possible to relate these variations to Mn-contents. Less 
bright zones correlate with higher Mn contents, and hence Mn is acting as a 
CL-quencher. However, according to Robbins et al. (1984), luminescence in 
willemite arises from Mn-pairing effects, and it may be that there is a 
maximum CL-intensity at low Mn-concentrations. This is indeed the case for 
willemite (Bhalla and White, 1972). 
Representative analyses of the genthelvites are given in Tables 11.1 
and 11.2. Due to the impossibility of analysis of Be using the electron probe 
and difficulties with beryllium toxicity in wet chemical analysis, much 
published data on the compositions of these minerals omit or estimate Be 
contents. Beryllium is an essential component of genthelvite, and is usually 
estimated by assuming stoichiometric ratios with other anions (Dunn, 1976). 
However, as is discussed further below, it appears the stoichiometric 
relationship of Dunn is violated by the Motzfeldt examples. 
Significant Be-substitution for. Zn in willemites is possible, due to the 
isostructural relationship between willemite (Zn2SiO4) and phenakite 
(Be2SiO4) (Klaska et al., 1978). Experimental work (Fonda, 1941) has shown 
that solid solution exists in the willemite structure with up to Phenakite4y 
Only Marchenko et al. (1976) and Gurvich (1963) give analyses for Be 
content and show that in those willemites analysed, Be contents can be as 
much as 0.53% BeO (Gurvich, 1963). The significance of small amounts of 
beryllium in the crystal structure is great due to the low relative atomic mass 
of the beryllium atom. 
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1 	2 	3 	4 	5 	6 	7 	8 
SiO2 34.16 38.51 
A1203 0.84 	5.26 
FeO 	0.08 0.04 
ZnO 46.12 41.90 
BeO 	11.99 9.33 
Ca0 0.03 	0.03 
MnO 5.61 2.33 
MgO 0.00 0.00 
K20 0.00 0.02 
S 	5.45 	4.48 
04 2.73 2.24 
Total 101.55 99.66 
Analyses to 13 (oxyaer 
Si 	3.257 3.805 
Be 2.743 2.159 
Total 6.000 6.000 
Al 	0.095 0.606 
Fe 0.006 0.004 
Zn 	3.257 3.044 
Ca 0.003 0.004 
Mn 	0.453 0.194 
Mg 0.000 0.000 
K 	0.000 0.004 
Total 3.814 3.855 
S 	0.974 0.824 





















































36.32 37.29 41.92 32.34 
	
2.66 	5.20 	9.68 	0.03 
0.05 0.06 0.05 0.10 
43.02 42.32 35.02 54.10 
9.50 	9.52 	7.79 	12.39 
0.01 0.02 0.02 0.00 
5.28 	3.42 	4.02 	0.73 
0.00 0.00 0.01 0.00 
0.02 	0.03 	0.01 	0.01 
5.05 4.53 4.10 5.49 
2.52 	2.27 	2.05 	2.75 
99.39 100.12 100.57 102.44 
3.686 3.720 4.150 3.126 
2.314 2.280 1.850 2.874 
6.000 6.000 6.000 6.000 
0.317 0.609 1.127 0.004 
0.005 0.005 0.004 0.008 
3.234 3.127 2.568 3.873 
0.001 0.002 0.002 0.001 
0.452 0.288 0.337 0.052 
0.000 0.000 0.001 0.000 
0.002 0.004 0.002 0.002 
4.005 4.035 4.041 3.940 
0.961 0.849 0.761 0.994 
0.002 0.000 0.003 0.000 
Total 0.974 0.825 0.783 0.985 0.963 0.849 0.164 0.994 
1-4 Motzfeldt genthelvites, AM 137. 
5-8 Moizfeldt genihelvites, AM159. 
* - Be contents back-calculated using guidelines in Appendix E 
Table 11.1 : New Analyses of Motzfeldt Genthelvites. 
1 2 3 4 5 
Si02 29.58 30.05 29.78 29.66 31.70 
A1203 ad. rut n.d. n.d. n.d. 
FeO 19.62 10.90 6.14 0.00 7.30 
ZnO 26.23 41.73 47.06 54.43 42.40 
BeO 13.03 12.78* 12;69 12.58* 14.20k 
CaO 0.05 0.08 0.05 0.08 n.d. 
MnO 7.67 1.85 1.53 0.95 2.90 
MgO n.d. n.d. - 	n.d. n.d. n.d. 
K20 ad. n.d. n.d. n.d. ad. 
S 5.71 5.69 5.65 5.61 5.20 
0=5 2.86 2.85 2.83 2.81, 2.60 
Total 99.03 100.23 100.07 100.50 101.10 
El Paso County, USA (Dunn, 1976) 
Jog, Nigeria (Dunn. 1976) 
W. Cheyenne Canyon, Colorado, USA (Dunn, 1976) 
Mt. St. Hilaire, Quebec, Canada (Dunn, 1976) 
Zoned genthelvite, Caimgonn, Scotland (Clark and Fejer, 1976) 
"- Calculated assuming (Ca+Fe-s-Zn+Mn+Mg):Be is 4:3 
+- Constant value after Morgan (1967) 
























Figure 11.2: Plot of wt.% 'mO' versus A1203. 'ZnO' is recalculated to negate 
the effects of variantions in the helvite-group. mineral compositions. 






Genthelvite is an unusual Zn, Be-containing feldspathoid, until now 
known in the Gardar province only from the agpaitic flImausaq intrusion 
(Bollingberg and Petersen, 1967). The Motzfeldt genthelvite analyses show 
these to be close to the Zn-end member, with relatively small amounts of 
MnO (5.6% max.) (Table 11.1). Unlike all other reported genthelvites, the 
Motzfeldt examples show significant aluminium contents (up to 9.7 wt.% 
A1203). A plot of wt.% Zn (corrected for Mn and Fe contents; see caption to 
Figure 11.2) against Al in the Motzfeldt genthelvites (Figure 11.2) shows an 
antipathetic relationship, indicating the Al substitutes for tetrahedral Zn, and 
not for Be. Si contents are also high, and when recalculated are consistently 
greater than the stoichiometric 3 Si for 13 oxygens (method of calculation 
described in Appendix E). These data indicate that much Si but only 
negligible amounts of Al substitute for Be. Genthelvite is isostructural with 
sodalite (Hassan and Grundy, 1985), and hence the suitability of Si and Al for 
the Be site is high. The charge imbalance caused by this exchange appears to 
be accommodated by vacancies in the inter-framework 7h-site. A charge-
balance mechanism involving sodium is possible, since interferences between 
the NaKu and the ZnLa radiations mean that this element cannot be separated 
from the large Zn peaks with the electron probe. However, recalculation of the 
site-allocations, assuming charge-balancing by vacancies, gives good 
analytical totals, and does not indicate the presence of an unanalysed element. 
Because of the Si substitution for Be, and the vacancies in the interframework 
Zn-site, the calculation method for helvite group minerals proposed by Dunn 
(1976), based on stoichiometric relationships between unanalysed Be and total 
cations, is inapplicable to these examples. A new method for calculation for 
genthelvites is proposed in Appendix 0  
196 
The observations of Dunn( 1976) showed that natural helvite-group 
compositions show a gap between the genthelvite (Zn) and helvite (Mn) end-
members. The crystal structures of the helvite group minerals have been 
determined by Hassan and Grundy (1985), who have shown that cations 
passively occupy spaces in a sodalite-type framework. Cell dimensions vary 
little between the end-members of the series, and the compositional gap, 
therefore, reflects the chemistry of mineralising fluids, and not a crystal 
structural control. Fursenko (1982) has gone some way to explaining this 
phenomenon by relating helvite-group compositions to pH of the mineralising 
fluids. He showed that genthelvites are favoured under alkaline conditions, 
whereas danalites are formed when fluids are acidic. The Zn,Mn-bearing 
genthelvites of Motzfeldt therefore 'indicate high pHs at the time of 
crystallisation. This is confirmed by the presence of eudialyte, which, as has 
been shown by the experimental work of Christophe-Michel-Levy (1961), 
decomposes readily in acidic conditions. The presence of helvites, with S 2 
anions, also shows that redox potentials were below the sulphide I sulphate 
buffer. 
11.4 Willemite 
Willemite has been described twice before from the Gardar province; 
first by Boggild (1953) in a quartz vein from Mussartilt, and subsequently 
from the llhmausaq complex by Metcalf-Johansen (1977). Willemite from 
llfmausaq was considered to have formed by secondary alteration after 
primary sphalerite, by analogy with processes described for its formation at 
the Franklin Furnace Zn-body. However, the presence of Zn in late-stage 
volatile-rich fractions can be explained by normal processes of incompatible 
element enrichment during evolution of alkaline melts, without calling for the 
primary presence, and subsequent dissolution, of sphalerite. Willemite 
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6 	7 	8 	9 
35.74 25.70 28.70 27.66 
6.41 3.33 0.35 5.42 
0.36 1.27 1.76 0.16 
56.97 67.51 70.61 65.56 
n.d. n.t ad. n.d. 
at ad. nd. n.d. 
0.12 0.06 0.04 0.29 
0.07 1.22 0.40 0.87 
0.14 0.04 0.00 0.21 
0.04 0.02 0.04 0.03 
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1 	2 	3 	4 	5 
SiO2 27.30 28.30 27.52 27.86 27.70 
A1203 0.40 0.11 nd. nd. 0.04 
FeO 1.57 2.15' ad. 0.37 0.02 
ZnO 6758 6550 73.42 71.51 7330 
CdO 0.06 0.30 n.d. ad. n.d. 
BeO nd. 0.25 n.d. n.d. ad. 
CaG ad. nd. ad. n.d. ad. 
MnO 0.85 1.04 0.03 n.d. 0.17 
MgO 1.08 - 1.16 ad. nd. 0.00 
K20 0.05 0.08 n.d.. n.d. ad. 
Total 9939'( 99.59 100.97 99.74 101.27° 9915 99.15 101.90 100.20 
Analyses calculated to 4 pxyaais 
Si 1.001 1.020 1.006 1.022 1.008 
Al 0.017 0.005 0.000 0.000 0.002 
Fe 0.048 0.058k 0.000 0.011 0.001 
Zn 1.856 1.748 1.988 1.944 1.976 
Cd 0.001 0.005 0.000 0.000 0.000 
Be 0.000 0.022 0.000 0.000 0.000 
Ca 0.000 0.000 0.000 0.000 0.000 
Mn 0.026 0.028 0.001 0.000 0.005 
Mg 0.027 0.063 0.000 0.000 0.000 
K 0.002 0.004 0.000 0.000 0.000 
1.138 0.940 1.025 0.964 
0.241 0.144 0.015 0.222 
0.010 0.039 0.053 0.005 
1.339 1.823 1.861 1.686 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.116 0.002 0.001 0.011 
0.071 0.038 0.012 0.026 
0.144 0.002 0.000 0.011 
0.042 0.001 0.002 0.001 
Total 3.010 2.953 2.995 2.977 2.992 3.095 2.989 2.970 2.926 
1,2 - Willemite from the Soviet Union. (Marchenko et al., 1976) 
WiJJemite from the Khibina massif, USSR (Shlukova eta!,. 1980) 
Willemite from MussartOt, Greenland (Böggild, 1953) 
Willemite from JJhnausaq, Greenland (Metcalf-Jobansen, 1977) 
6-9 - Analyses of Motzfeldt willemites, AM137. 
* - Includes Na20=0.03%, H20t=0.25%, H20r0.42% 
+ - Calculated as Fe203 
* - Includes Na20.02%, H20+=0.68% 
o - Includes &2030.0470 
Table 11.3 Analyses of Willemites. 
analyses from Motzfeldt are presented in Table 11.3 and show significant Al-
exchange. 
11.5 Discussion 
The chemical similarities between the genthelvite and willemite at 
Motzfeldt, and the association of villemite with sericitic alteration, indicate 
willemite is present by alteration after genthelvite. A similar association is 
described by Marchenko et al. (1976) who, from fluid inclusion work, showed 
that the willemite owed its presence to metasomatic alteration of genthelvite 
(with gahnite) at elevated temperatures (450-540'C). 
e.g. Zn4Be3Si3O 12S + 4Cl = 3(Zn,Be) 2SiO4 + BeCl42 + 
genthelvite 	Ic 	willemite 	* 	* 
* - fluid exchange participants 
A metasomatic process of this nature would require the removal of Be 
from the genthelvite, presumably as complex ions. Studies of (Jardar fluid 
inclusions (Konnerup-Madsen, 1984) have shown methane and carbon 
dioxide to be present and the latter may be a possible ligand for Be. In 
addition, the interaction of Cl- and F-rich metasomatic fluids with the 
Motzfeldt rocks is confirmed by the presence of fluorite-veined sodalite 
(Chapter 5), which is formed by the metasomatic chlorination of nepheline. 
The sodalite is proven to be secondary, since the transformation of the 
nepheline results in localised salinity decreases and the precipitation of 
fluorite. In addition, given alkaline conditions in the system, the 
tetrahydroxyberyllate (Be(OH)4 2 ) ion is also a possibility. The matter of 
beryllium speciation in alkaline systems has been studied by Novoselova and 
Simanov (1955), who found that complexes with the formulae BeF 3 , BeF42 , 
2 BeCl42 and Be(CO3)22 are possible, in addition to Be(OH)4. 
10 
A similar process of Be-removal can be shown in the chkalovite albitites 
of the neighbouring llfmausaq complex, where cores of chkalovite are 
surrounded by mantles of the beryllium sodalite, tugtupite (Sorensen et al., 
1967): 
4Na2BeSi206 + 2A1C163 = Na8(Al2Si2Be2)Si6024Cl2 + 2BeCl 42 + 2Cl 
chkalovite 	* 	 tugtupite 	 * 	* 
* - fluid exchange participants 
This process is demonstrably a removal of Be by fluids under alkaline 
conditions. The flImausaq intrusion stands out in studies of fluid inclusions 
across the Gardar (Konnerup-Madsen, 1984) in that carbon dioxide is replaced 
by methane in the inclusions. Be-transport solely by Be(CO 3)22 complexes 
may therefore be ruled out. 
Sorensen et al. (1967, p.34) noted that tugtupite and genthelvite co-
exist at LlImausaq, and hence willemite and tugtupite formation by leaching of 
Be, although analogous processes, occur under different conditions. 
11.6 Conclusions 
Genthelvite crystallised in lujavritic magma, trapped beneath basaltic 
country rock xenoliths. Formation of helvite-group minerals was made 
possible by low redox potentials in the system, which allowed formation of 
52 ions. Genthelvite formation was favoured over other helvite group 
minerals since pI-! levels were significantly alkaline. Subsequent 
metasomatism led to the leaching of Be from genthelvite, giving rise to the 
formation of willemite. Transportation of Be in this way is a process 
comparable to that involved in tugtupite formation from chkalovite in the 
neighbouring llImausaq intrusion. 
Chapter 12 
Topotactic versus Reconstructive mechanisms in Metasomatic 
reactions 
12.1 Introduction 
This chapter examines the mechanisms by which metasomatic 
reactions take place, and defines criteria which may be used to predict the 
dominant mechanism for a given reaction. Knowledge of the mechanism of a 
metasomatic reaction can, in some cases, be used to explain the presence of 
secondary minerals. 
Up to now, work for this study has concentrated on the miaskitic 
centres of the province, and avoided discussion of the extreme llImausaq 
complex. Comparing agpaitic and miaskitic centres is a problem, since the 
rare and often unique mineralogy of agpaitic rocks obscures the relationships 
between the two magma types. It is known that metasomatic processes are 
important in the formation of at least part of the unusual mineralogy present at 
llfmausaq, but it is also understood that the fluids involved are different to 
those of the other centres in e.g. redox potential (Konnenip-Madsen, 1984; 
Section 2.6). However, despite the differences in chemistry, it is unlikely that 
the mechanisms of the replacement processes are different. It may be possible, 
therefore, to gain information regarding metasomatism at llImausaq from an 
examination of the crystal structures of possible primary and secondary 
mineral-pairs. 
The crystal structures of co-existing minerals from llImausaq have 
been examined, and this has allowed origins for some of the obscure minerals 
at llImausaq to be proposed. The chapter does not confine itself to descriptions 
of minerals at llImausaq, but also discusses published accounts of the 
mineralogy and textures of the agpaitic Lovozero and Khibina complexes of 
the USSR (Vlasov et al., 1966) and others. The study seeks to show that an 
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appreciation of the crystal structures of minerals co-existing in a rock may 
give insights into the parageneses of some of those minerals. 
12.2 Topotactic and Reconstructive Metasomatism 
The conversion of a primary mineral to a secondary mineral by 
metasomatism can be considered to take place via two mechanisms: 
reconstructive change, where the original structure is destroyed and replaced 
by a secondary structure (i.e. solution / reprecipitation); and topotactic 
transformations, where a secondary structure is derived directly from a 
primary structure by relatively minor adaptations, and without complete loss 
of coherency across the interface between the two minerals. Topotactic 
change, where possible, may be favoured over reconstructive change under 
metasomatic conditions, due to its lower activation energy. The role of 
topotaxy in reactions involving geological systems has been examined by 
Dent-Glasser et al. (1962), who showed that topotaxy was the dominant 
mechanism for exchange in examples including oxidation, weathering, 
retrogressive and prograde metamorphism, polymorphism and exsolution. 
For a topotactic transformation to be possible for a given reaction, a 
number of criteria must be fulfilled:- 
The original mineral structure must be able to exchange elements with the 
metasomatising fluids at metasomatic temperatures and pressures. Open 
or layer structures with large interlayer distances are preferable, or 
structures with ionic conductance properties. 
The primary and secondary mineral structures must be similar, although 
loss or gain of symmetry elements is possible. Equivalent cell volumes 
must be similar. 
The silicate framework must be flexible enough to remain at least partly 
coherent across the boundary between the original and secondary 
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structures. This becomes less of a problem when primary and secondary 
structures are very similar. 
Given that topotactic changes are viable mechanisms by which 
metasomatic changes may take place, several geological criteria can be 
identified which would indicate topotactic metasomatic transformation:- 
Common pseudomorphing of the original phase by the secondary one. 
Similarities in the crystal structures of the original and secondary phases. 
Armouring of the original by the secondary phase, where both are related 
by a specific crystallographic relationship. 
Chemical differences between the original and metasomatic phases are 
consistent with compositions expected of metasomatic fluids. 
A review of the descriptions of minerals from the Gardar and other 
analogous provinces (e.g. the Lovozero and Khibina plutons, USSR and the 
Mont St. Hiiare intrusion, Canada) has allowed mineral pairs for which the 
above criteria are fulfilled to be identified. Interconversion of these species 
can be modelled as metasomatic topotactic transformations, and further 
investigation using experimental and TEM studies is required to confirm this. 
If a topotactic metasomatic relationship can be confirmed for a mineral pair, 
US gives a valuable insight into the chemistry of the metasomatic fluids, and 
leads to a greater understanding of agpaitic or strongly alkaline rocks with 
unusual or highly variable mineralogies. 
12.3 The IlImausaq complex 
The llImausaq complex is a Late Gardar complex, which has been the 
subject of intensive research by Danish geologists (see Sorensen and Larsen, 
1987, for a review). The complex grades from an augite syenite sheath to a 
peralkaline core. The last intrusive event is an alkaline granite. The 
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peralkaline core of the intrusion is differentiated into a number of variants (the 
so-called naujaite, lujavrite and .kakdrtokite 1 series), which are eudialyte-, 
sodalite-, nepheline-, arfvedsonite- and alkali feldspar-bearing rocks. The 
three rock types are thought to be related by in situ crystal fractionation to 
provide layered eudialyte, arfvedsonite and alkali feldspar rocks at the base 
(kakoitbkitès), a sodalite-rich floatation cumulate on the roof of the intrusion 
(naujaite) and a volatile-rich sandwich horizon in the centre (lujavrite) 
(Sorensen and Larsen, 1987). fluid inclusion studies by Konnerup-Madsen 
(1984) has shown that inclusions contain methane rather than carbon dioxide 
(as observed in other Gardar intrusions), indicating that redox potentials of the 
fluids at llimausaq are significantly lower than in the less undersaturated 
intrusions. This is supported by the rarity of carbonate minerals, ubiquitously 
observed in other Gardar centres, in rocks of the ilImausaq complex. 
12.4 Topotactic Interconversion of Na - Zr - silicates 
Eudialyte is a sodium zirconium silicate, essential to the naujaite, 
lujavrites and kakortokites of IlImausaq. Many other natural sodium 
zirconosiicates pseudomorph or mantle eudialyte, and the factors which 
control these changes are unclear. 
The structure of eudialyte is unusual, and without parallels in natural 
or synthetic compounds. Eudialyte consists of rings of nine and three SiO 4-
tetrahedra, separated by Zr polyhedra and other polyhedrally coordinated 
cations (Giuseppetti et al., 1971) (Figure - 12.1). Along the c-axis, pairs of 
three- and nine-tetrahedron rings are stacked, with apices on the similar rings 
pointing together (UDUDUD configuration; U=apices of tetrahedra pointing 
up, D--apices pointing down). Na ions form irregular coordination polyhedra, 
and lie in the spaces between. The nine-fold ring of eudialyte is unique, and 
this rarity suggests the nine-tetrahedron configuration is a relatively unstable 
K1,19 
Figure 12.1: The crystal structure of eudialyte (after Giuseppetti et at, 1971). 
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Figure 12.2: The crystal structure of catapleite (after llyushin et al., 198 1a). 
configuration, and hence unlikely to survive conversion to secondary 
structures. 
The Zr atoms of eudialyte can go into one of two possible sites; the 
site is filly occupied, with Zr in regular octahedral coordination, but the 
site, in contrast, has zirconium in 5-fold coordination, with short Zr-O 
distances. The occupancy of this site is on average only 33%. Five-fold 
coordination of Zr is rare, since the size of the Zr atom usually requires 6- or 
higher-fold coordination numbers. 
From this crystallographic information, it might be expected that two 
operations would take place during transformations of eudialyte. First, the 
unique 9-fold ring would be reconstituted into a new, more stable 
configuration of tetrahedra. Second, the subsequent structures would replace 
the 5-fold coordinate Zr(2) site with a 6- or higher-fold Zr site. Apart from 
these caveats, the positions of other atoms in the eudialyte structure would 
remain essentially constant for topotactic transformations. The reconstitution 
of groups of silica tetrahedra in this way has been described in other synthetic 
systems e.g. the CaSiO 3-MnSiO3 system (Glasser and Glasser, 1961). 
The most common secondary mineral after eudialyte in alkaline rocks 
is the mineral catapleite (e.g. Sorensen, 1962), the structure of which has been 
resolved by flyushin et al. (1981a) (Figure 12.2). In catapleite, the nine- and 
three-fold ring configurations of eudialyte are replaced by four three-fold 
rings; however, the positions of sodium and zirconium coordination polyhedra 
remain essentially constant. In addition, the Zr(2) site of eudialy -te acquires 
octahedral symmetry, making it directly equivalent to the Zr(1) site. This is 
accompanied by the complete filling of this previously partially occupied site 
by Zr from the metasomatic fluid. These observations fulfil the predictions 
made previously and indicate that a topotactic conversion of eudialyte to 
catapleite is possible: 
OUR 
2 Na3Ca3Zr(5i309)2Cl + Na + ZrF62- +2H  0 
Na2ZrSi3
=
O9.2H2() +3 Ca + Cl +6 F 
eudialyte from the fluid catapleite to the fluid 
Elpidite (Na2Z610 153H20) is a common accessory mineral of 
agpaitic plutons, and has been described as pseudomorphs after eudialyte by 
Boggild (1953) from the fflmausaq complex, and by Vlasov et al. (1966) in 
the Lovozero complex, USSR. The structure of elpidite has been resolved by 
Cannillo et al. (1973), who have shown that, as in the case of catapleite, the 
positions of the Zr and Na atoms are essentially the same as in eudialyte. 
However, the 9-fold rings of eudialyte are replaced by a chain structure 
(Figure 12.3), and all zirconium atoms are made equivalent by the assumption 
of octahedral coordination by the Zr(2) site. Again, this is consistent with the 
predictions described above. 
In addition to chain structures in the x-y plane, other zirconosiicates 
structures exist, based on chains parallel to the z-direction. The mineral 
hilairite (Na2ZrSi309.3H20) is chemically close to catapleite 
(Na2ZrSi3O9.2F120), and its structure has been resolved by llyushin et al. 
(1981b). Hilairite was first described by Chao et al. (1974) from the Mont St. 
Hilaire intrusion in Canada, where it is found intimately associated with other 
zirconosiicates (e.g. catapleite, elpidite). The arrangement of the Zr and Na 
polyhedra in both minerals is equivalent, as it is with eudialyte, but the 3-fold 
ring of catapleite is replaced by a spiralled screw-chain, with a three-
tetrahedron repeat unit. The structure of hilairite is derived from that of 
catapleite by the connection of adjacent 5i 309 groups in the z-direction 
(Figure 12.4). This provides a helix with a three-ring repeat unit. 
The ring zirconosiicate lovozerite (Na 2ZrSi6O 15 .31120)/2NaOH), 
found at llImausaq and in the Soviet plutons, is important in understanding the 
factors which control the character of the secondary structure. Lovozerite has 
been described by Sorensen (1962) as a secondary mineral after eudialyte, and 
Vlasov et al. (1966) has shown lovozerite mantling of eudialyte (Figure 149, 
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Figure 12.5: 6-fold silicate ring of lovozerite (after Ilyukhin and Belov, 
1960). 
p.309). The lovozerfte structure has 6-fold rings, formed by the conjunction of 
two caiapleite-type three-fold rings in the z-direction (llyukithi and Belov, 
1960) (Figure 12.5). Lovozerite, therefore, represents an intermediate between 
the planar ring structures of e.g. eudialyte and catapleite, and vertical chain 
structures of e.g. hilairite, and indicates that there is a continuum between 
ring- and chain-zirconosilicates. Other minerals with the same basis to their 
structures as Lovozerite are zirsinalite (Na6CaZrSi 6O 18) (Pudovkina et al., 
1980) and petarasite (Na6Zr2Si6018CI.2H20) (Ghose et at., 1980). An 
interesting property of these lovozerite-type structures is their ability to 
conduct sodium ions through their structure (Ilyushin and Demtyanets, 1986). 
Ionic conductivity is best known from synthetic sodium zirconosiicates with 
sodium-site vacancies (e.g. Hong, 1976), but, although no actual 
measurements have been made, eudialyte, in principle should possess some 
ionic conductance properties. 
Interestingly, the mineral steenstrupine, which forms eudialyte 
pseudomorphs at llImausaq (SØrensen, 1962), also contains 6-fold tetrahedral 
rings of the lovozerite group type. The structure of steenstrupine (Moore and 
Shen, 1983b) is very complex indeed comprising two interconnected rod 
structures. One of the rods contains repeated 6-fold rings of the lovozerite-
type, and may represent the ultimate product of a complex genealogy of partly 
topotactic and partly reconstructive transformations. Also of interest is that 
steenstrupine is structurally related to cerite, also found at llImausaq (Moore 
and Shen, 1983a). 
To understand exactly why eudialyte transforms to such a variety of 
other minerals, we need to understand the conditions under which each 
transformation takes place. Eudialyte is presumably replaced due to the 
relative instability of its 9-fold ring. The experimental work of Christophe-
Michel-Levy (1961) and Baussy et al. (1974) has shown that eudialytes 
decompose readily in acidic conditions, and it seems likely therefore that 
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breakdown of the 9-fold ring is catalysed by a process of protonation. In 
addition, some members of the Na20-Zr02--Si0 2 system with Na-site 
vacancies show good ionic conductivities. Although no published 
measurements exist, in principle, eudialyte should possess such properties, 
since it has sodium-site vacancies, and also usually contains impurities of 
phosphorus, a feature common to the best synthetic ionic conductors (e.g. 
Hong, 1976). If this is so, a high concentration of sodium in a metasomatic 
fluid (as is known to be the case) would cause immediate saturation of the 
structure with sodium ions, and this electrical imbalance may initiate 
conversion to secondary structures. 
According to llyushin et al. (1983), the range of synthetic and natural 
sodium zirconosiicates is related to different alkalinities of the reacting fluid, 
with chain zirconosilicates (e.g. elpidite, hilairite) occurring at relatively low 
alkalinities, ring zirconosiicates at moderate alkalinities (e.g. catapleite) and 
structures involving isolated tetrahedra at the highest values of [Na011] (e.g. 
synthetic Na2ZrSi05). In neutral systems, zircon is formed. Structures 
involving isolated tetrahedra do not occur in natural systems, and therefore 
this provides an upper limit to NaOH activity in natural fluids. 
The readiness of eudialyte to decompose, and its position as the parent 
of a wide variety of daughter minerals, apparently dependant on chemical and 
physical properties of the metasomatic fluid, makes this group of minerals of 
special interest in studying the metasomatism of eudialyte-bearing rocks. With 
further experimental work, it may be possible to estimate chemical and 
physical parameters of the metasomatic fluid, merely from the sodium 
zirconosiicate phases present. In addition, eudialytes are stable in peralkaline 
magma compositions, and it is this range for which other indicators of 
metasomatism (e.g. F-contents of biotites , Section C; cathodoluminescence of 
alkali feldspars, Chapters 5 and 10) are inapplicable. 
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12.5 Conclusions 
Metasomatic fluids modify the primary mineral assemblage in alkaline 
intrusions, giving rise to the formation of new minerals. Some of these 
minerals bear striking structural similarities to their parent minerals, and this is 
consistent with their having been formed by a mechanism of topotaxy (i.e. by 
twisting or localised reconstitution of part of the original structure), rather than 
reconstructive mechanisms (i.e. solution I reprecipitation). 
Some zirconosilicates are texturally known in many cases to be 
secondary and can possess structures comprising either rings or chains. 
Experimental studies have shown that the presence of particular members of 
this family of structures is related to the pH of the fluid phase. All of these 
replacement processes can be satisfactorily modelled as topotactic 
transformations. Such an approach can suggest origins for minerals whose 
geneses are otherwise obscure. 
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Chapter 13 
The Chemical and Isotopic Nature of Fluids Associated with 
Alkaline Ma2matism 
13.1 Introduction 
In the previous chapters it has been shown that large volumes of fluid 
were associated with the centres of the Gardar province, South Greenland, and 
that these fluids brought about substantial subsolidus changes in the textures 
and mineralogy of the consolidated alkaline rocks. In this final chapter, the 
conclusions of all of the different approaches used to characterise fluids in this 
study will be unified in an attempt to draw general conclusions about the 
relationships between magma compositions and the chemical parameters of 
the fluid, e.g. p11, redox potential. 
13.2 The mechanism of metasomatic alteration 
It has been shown previously (Chapter 3) that alteration of alkali 
feldspar bearing rocks can occur either by fluid passage along grain 
boundaries, or by conduction through an interconnected micropore network. 
This micropore network is thought to arise from high temperature exsolution 
of water from alkali feldspars (Woiden et al., 1990), which is enhanced by 
subsequent fluid interaction. It has been suggested by Finch et al. (1990) that 
the activity of water at the time of alkali feldspar crystallisation can dictate 
how much water is accepted into the alkali feldspars, and therefore how much 
may be expelled on exsolution. This in turn will determine whether a primary 
micropore network is formed and how much alteration a sample will 
experience in the subsolidus as fluids exploit this network. 
Micropores have also been shown to exist in feldspathoids (Section 
5.6), and it seems likely that they bring about turbidity in nepheline and 
sodalite in a manner analogous to that described for alkali feldspars. 
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For other mineral groups, studies on the crystal structures of many 
alteration products of eudialyte have suggested that secondary products of this 
mineral may be formed by topotactic processes rather than reconstructive ones 
(Chapter 12). Topotactic processes, where possible, may be favoured due to 
their lower activation energies. 
13.3 The isotopic nature and provenance of the fluid 
A number of isotopic studies on various systems (SD, 8 13C, Konnerup-
Madsen et al., 1985; 8180,  Sheppard, 1986) prior to the present study have 
hinted at a juvenile origin for the metasomatic fluid, and similar conclusions 
have also been suggested from petrological studies (e.g. Parsons, 1980). 
However, until isotopic studies had been carried out as part of the present 
work, no definite conclusions about the provenance of the fluid had been 
drawn. 
As part of the present study, the oxygen isotopic compositions of a 
range of altered and unaltered variants of three Gardar intrusions were 
examined. The intrusions studied were the lilA MAne 50 perthosite (Chapter 
3), the Late Igdlerfigsalik centre (Chapter 5), the Klokken stock and the 
YGDC (Chapter 9). Despite the large variations in the degree of metasomatic 
alteration both between centres and between individual samples within 
centres, the oxygen isotopic values all lie within the same restricted range 
(6180=47 %o, Figure 13.1). Fluids derived from meteoric sources would have 
8180 values much lower than the observed range (4-7%o), and this indicates 
that the fluid is magmatic in origin, and represents the volatile fraction of the 
alkaline silicate melt, evolved after crystallisation. This indicates that 
alteration by metasomatic fluids, originating from the magma, had little 
overall effect on the oxygen isotopic composition and that the metasomatic 
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Figure 13.1: Histogram of the frequency of oxygen isotopic values for all 
centres for which data were collected as part of the present study. 
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13.4 The chemical nature of the fluid 
From the studies presented in previous chapters, it is clear that the 
alteration brought about by fluids varies between centres. Generally, it appears 
that styles of alteration can be subdivided according to the compositions of 
original magmas. Relationships between magma composition and the nature 
of the fluid have been suggested already by Konnenip-Madsen (1984), who 
demonstrated from fluid inclusion studies that the agpaitic llImausaq fluids 
contained methane as the dominant species, whereas oversaturated centres 
contained carbon dioxide-bearing fluids. 
Generally, the centres studied can be divided into oversaturated (i.e. 
Klokken, Nunarsuit, YGDC), undersaturated miaskitic (i.e. Early and Late 
Igdlerfigsalik, Motzfeldt, North and South Qôroq) and agpaitic (llfmausaq) 
compositions. The relationship between agpaitic magmatism and over- and 
under-saturated miaskitic magmatism is unclear; it may be that agpaitic 
centres are an extreme extension of the peralkaline nature of undersaturated 
miaskitic units, or alternatively agpaitic magmatism may represent quite 
distinct compositions and conditions of formation. 
In the next subsections, a number of features noted to vary from fluid 
to fluid across the Gardar are considered as a function of the silica saturation 
of the parent magma. 
Carbon Dioxide and Fluorine Activities 
Carbonate minerals and fluorite have been commonly observed using 
cathodoluininescence in altered rocks (Chapters 5 and 10). However, the 
amounts of these minerals vary from centre to centre. Undersaturated, 
miaskitic magmatism (e.g. Motzfeldt, Late Igdlerfigsalik) is usually associated 
with much evidence for the passage of CO2, F-rich fluids (Chapters 5 and 10), 
whereas in oversaturated centres (e.g. Nunarsuit, Klokken; Chapter 10), the 
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amounts of CO2 and F appear to be less. Estimates based on the halogen 
contents of biotites (Chapter 9) suggest there is two to three- times as much 
F in fluids associated with undersaturated magmatism as compared with their 
oversaturated equivalents. This deduction is reflected by the relative scarcity 
of carbonate minerals and fluorite in the pegmatites of the oversaturated 
centres studied, and their common occurrence in the pegmatites of Igaliko. 
The llImausaq intrusion shows little evidence for carbonate minerals, but, as 
has been shown by Konnerup-Madsen (1984), this is as a result of lower redox 
potentials favouring methane over CO2 in this intrusion. At the present time, 
estimates of the total carbon content of the fluid at llImausaq are not possible. 
Generally, it seems that the activities if F- and C-bearing species increase with 
decreasing a(Si02)maa. 
Redox Potentials in the Fluid 
The redox potentials of fluid were first studied using fluid inclusions 
by Konnerup-Madsen (1984). He examined inclusions in quartz from 
oversaturated centres, and in chkalovite from the agpaitic llhmausaq intrusion, 
but did not examine inclusions from undersaturated miaskitic units. Konnerup-
Madsen discovered that carbon dioxide occurred in inclusions from the 
oversaturated units, but that methane occurred in inclusions at llImausaq. He 
concluded that oversaturated magmatism was associated with relatively 
oxidising fluids (where CO2 was the dominant carbon-bearing phase) and, 
bracketing undersaturated miaskitic and agpaitic magmatism together, that 
undersaturated magmatism was associated with methane-bearing inclusions. 
As has been discussed previously (Section 2.6), this is unlikely to be correct, 
since carbonate minerals are commonly precipitated from fluids in 
undersaturated miaskitic centres (Chapters 5 and 10) and graphite is not 
reported from these units. For the Gardar province, it is more likely that 
miaskitic magmatism, whether over- or under-saturated, is associated with 
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CO2-bearing fluids, and agpaitic magmatism alone produces methane-bearing 
fluids. However. it is difficult to estimate whether redox potential is a 
continuous function of the activity of silica in the original magma, or whether 
there is a sharp jump in a(02)flthd  on passing from miaskitic to agpaitic 
magmatism. 
pH in the Metasomatic Fluid 
Mother chemical parameter which can be seen to vary with magma 
composition is the pH of the metasomatic fluid. In some cases, certain 
minerals are stable only over selected pH ranges. For example, eudialyte, a 
sodium zirconosiicate mineral, is unstable in the presence of acidic or neutral 
fluids, in which the stable phase becomes zircon (llyushin et al., 1983). Since 
eudialyte is found only in undersaturated rocks, and zircon in oversaturated 
compositions, this indicates that fluids associated with undersaturated 
magmatism are alkaline with respect to those in oversaturated rocks. 
Secondary alteration products of eudialyte have also been used in Chapter 12 
as indicators of pHs in late stage fluids, and the presence of catapleite 
pseudomorphs after eudialyte (as observed in many eudialyte-bearing rocks) 
indicate strongly alkaline conditions. Other textures also indicate that fluids 
associated with undersaturated rocks are alkaline, e.g. the mantling of ilmenite 
by sphene, nepheline and biotite (Section 5.2). 
Again, it is difficult to decide whether there is continuous variation 
between pHfld  and  a(Si02)maa,  or whether the differences that are 
observed are discontinuous. 
13.5 The interdependence of a(CO,), a(F), pH, a(O,) & 
From the observations and deductions presented in the previous 
section, a number of relationships are observed between magma composition 
and fluid chemistry. These can be summarised as:- 
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a(SiO2)mafla 	is sympathetic with 
is antipathetic with 	pHifllid 
a(CO2)flald 
a(F)fluid. 
To understand fully these variations, it is necessary to relate these five 
variables to each other. For example, the redox potential of these fluids is 
reflected by the presence of either methane or carbon dioxide. Since methane 
contains hydrogen, and carbon dioxide contains oxygen, the equation which 
relates the activities of these species in water-bearing systems must include 
water, as follows: 
CH4 + 80W = CO2 + 6H20 + 8& 
methane 	 carbon dioxide 	free electrons 
For this equation, it can be seen that in order to balance the equilibrium 
involving methane, carbon dioxide and water, the OH - term must be added to 
the equation. This term represents pH. Therefore, from this equation, it can be 
seen that the redox potential and the p1-I of the metasomatic fluid are 
interrelated. This indicates that reduced redox potentials promote methane-
bearing, alkaline fluids rather than neutral, carbon dioxide-bearing ones. This 
is consistent with the observations across the Gardar. 
Another important question is how either of these parameters can 
relate to the activity of silica in the original magma. One possible explanation 
is presented here. In sodic magmas, pyroxene crystallises as aegirine, with 
monovalent sodium ions balanced by trivalent iron. This indicates that iron 
can be forced into its trivalent state despite the prevalent redox potential when 
the activity of sodium is high (Kress and Carmichael, 1989 and refs. therein). 
Therefore, the crystallisation of Na-rich pyroxene removes iron from the melt• 
as iron (in), and hence strongly reduces the remaining melt and volatile 
phases. After complete crystallisation of a melt which has precipitated a 
significant amount of aegirine, a final, highly reduced volatile-rich fraction 
will remain. 
The carbon and fluorine contents of the final fractions are expected to 
be related since both are retained in silicate melts until final crystallisation. In 
other words, where fractionation processes had brought about e.g. a carbon 
dioxide-rich fluid, this might also be expected to contain a large amount of 
fluorine. However, although it has been possible to relate pH, redox potential 
and a(Si02)maa, and now a(CO2) to a(F), it has not been possible to 
convincingly relate these two sets of chemical parameters together. It is 
possible that carbon dioxide and fluorine have greater solubilities in 
undersaturated magmas, and hence fluorine and carbon dioxide in 
oversaturated magmas are more likely to be dissipated to envelope rocks 
during crystal fractionation, and are not retained to the stages of final 
crystallisation. Whatever the reason, it is probably the same as that which 
dictates the association of carbonatitic magmatism with undersaturated (e.g. 
Grønnedal-Ika) and not oversaturated intrusions in the Gardar, despite the fact 
that both are believed to have been formed by similar processes of fractional 
crystallisation from similar basic parent magmas. 
13.6 Mobility of key elements across the Gardar 
As has been discussed before (Chapter 7), mobility of elements during 
metasomatism, such as Zr, Nb, Hf, REs, can be explained in terms of the 
activities of key ligands (e.g. F, Cl, CO2) in the fluid. These elements are 
considered in turn below. 
Zirconium and Hafnium 
It has been shown (see Section 7.2 for a full explanation) that fluorine 
activities control mobility in zirconium and hafnium, and that fluorine, in 
association with carbon dioxide, assists in the mobility of REs. Zirconium 
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mobility has been demonstrated in fluids associated with the Late 
Igdlerfigsalik centre by Zr-enrichment in metasomatically zoned pyroxenes. 
Although detailed electron-probe analyses of metasomatic zoning in the 
pyroxenes of other centres was beyond the scope of the present study, other 
detailed studies of the petrology of these intrusions have failed to demonstrate 
Zr in pyroxenes, with the exception of Motzfeldt (6.98% Zr0 2, Jones and 
Peckett, 1980) and llImausaq (1.82% Zr0 2, Larsen, 1976). In both of these 
cases, the Zr-pyroxenes were interpreted as a magmatic feature. Although this 
interpretation may be true in many cases, the evidence presented in the present 
study suggests that some metasomatic Zr-enrichment may also be present. It 
has been assumed that since other workers from the Gardar have not reported 
Zr in their pyroxenes, that Zr-levels are low in other centres, and that 
metasomatic Zr-enrichment is only possible at Late Igdlerfigsalik, Motzfeldt 
and llImausaq. As has been discussed above (Section 7.2), fluorine is the 
controlling ligand on the mobility of zirconium. The activity of fluorine-
bearing species across the (Jardar centres (except llhmausaq) was discussed in 
Chapter 9, where it was demonstrated that fluids from Motzfeldt and Late 
Igdlerfigsalik possessed thd two greatest fluorine contents among those centres 
studied (Figure 9.10). flImausaq could not be considered in Chapter 9, since 
the agpaitic units from this centre do not contain biotite, and therefore the 
fluorine levels of fluids from llhmausaq and those of other centres are not 
directly comparable. There are; however, other indicators of fluorine levels in 
the lujavrite units of llImausaq (eudialyte nepheline microsyenites), where 
crystals of deep red villiaumite (NaF) occur (Figure 13.2). This mineral is a 
rare water-soluble fluoride and indicates extremely high a(Nat) and a(E) in 
late-stage fluids. Villlaumite is not described from any other Gardar centre, 
and hence it is reasonable to suggest that the fluids associated with Ilimausaq 
were the most fluorine-rich of the province. The three centres which 
demonstrate Zr-bearing pyroxenes are therefore those three centres which 
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Figure 13.2: Vilhiaumite (deep-red crystal at the centre of the photograph) 
from the Vffliaumite lujavrites of the llimausaq centre. (Field of view 
4mm). 
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have the three greatest fluorine-contents of associated metasomatic fluids. 
Although at the present time there is no experimental work at the pressures 
and temperatures appropriate to Gardar metasomatism, at some future date it 
may be possible to pinpoint a value of a(F) at the cut-off point between the 
Zr-mobility of fluids associated with Motzfeldt, Late Igdlerfigsalik and 
llImausaq, and the Zr-immobile fluids of the other centres. Using the 
principles outlined in Chapters 8 and 9 regarding the use of fluorine contents 
in biotites, it may then be possible to arrive at values for the a(F) in other 
Gardar centres by comparison of biotite compositions with this cut-off value. 
Rare Earths 
Rare-earth mobility can be brought about by the action of many 
different ligands (Chapter 7), the most important of which are CO2, F, cr 
and FC03. Apatite zoning patterns demonstrate that REs are mobile in fluids 
derived from across the whole spectrum of Gardar magma compositions 
(Chapter 10). Despite the fact that apatites are present in nearly all the rocks of 
the Gardar province, few authors present data for RE contents, and hence it is 
not clear exactly how much REs are present in e.g. the Nunarsuit apatites. 
However, those data which do exist (i.e. Klokken, YGDC, Late Jgdlerfigsalik, 
Early Igdlerfigsalik, llhmausaq) appear to suggest that sizeable RE contents 
(e.g. E RE203 = —5 wt.%) are more common from the undersaturated centres. 
This can be interpreted in terms of the larger a(CO2) and a(F) in the fluids 
associated with undersaturated miaskitic magmatism allowing the transport of 
greater amounts of RE. This reasoning cannot be directly extended to agpaitic 
magmatism, since CO2 in the llhmausaq fluids is replaced by Cl! 4, in response 
to reduced redox potentials. llImausaq apatites have been studied by Rønsbo 
(1989), who showed that they were both chaotically zoned and extremely 
enriched in REs (e.g. E RE> 16%). This suggests strongly that the role of 
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CO2 and CO2-derived ligands in the transport of REs is being effectively 
replaced by other ligands, presumably F or Cl. 
13.7 The Fluids as a Function of Temperature 
The Gardar fluids are supercritical brines containing elements such as 
Na, K, Ca, Cl, F etc. (Chapter 7). At higher temperatures the fluids are 
comprised of largely associated species (e.g. NaCl*, KCI°) which break down 
as the temperature falls below —500°C to ionised species (e.g. Nat K, Cl -, 
F). This dissociation represents an important shift in the nature of the 
metasomatic fluid, and has been used to explain the appearance of Na, RE-
enriched apatites at lower temperatures (Section 5.5). 
In addition, temperature probably controlled competing precipitation 
and diffusion processes in apatites, with new apatite-compositions being 
formed at higher temperatures by diffusion (giving distinctive zoning patterns, 
see Section 5.5), and at lower temperatures by precipitation as syntactic 
apatite overgrowths. 
13.8 Summary and Final Conclusions 
The present study has shown that much of the chemistry of the rocks of 
the Gardar province has in many cases undergone resetting as a result of 
interaction with metasomatic fluid or fluids. These fluids were derived from 
the alkaline magmas themselves, representing the final volatile-rich fractions 
evolved after crystallisation of the silicate phases. Interaction with the fluid 
did not necessarily bring about large differences in major element chemistry, 
since the fluid and the rocks were close to equilibrium, but trace elements 
were susceptible to significant alteration. The elements Zr, Hf and REs were 
mobile in many of the Gardar fluids as a result of the high concentrations of 
potential ligands (e.g. F, CO). 
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The chemistry of metasomatic fluids can be related to the a(Si02) of 
the parent magmas. Oversaturated centres (i.e. Klokken Nunarsuit, YGDC) are 
relatively CO2, F-poor with neutral or acidic pH (zircon stable) and relatively 
high redox potentials (CO2-bearing). Undersaturated miaskitic units contain 
more CO2 and F, with relatively alkaline fluids (demonstrated by the stability 
of the zirconosiicate eudialyte) but redox potentials still remain in favour of 
CO2 over CF!4. fluorine contents in some undersaturated miaskitic units were 
high enough to allow the mobility of Zr as complex polyfluorozirconates(iv). 
The agpaitic llImausaq intrusion was associated with very fluorine-rich fluids, 
but carbon dioxide was absent due to lower redox potentials favouring 
methane. These fluids were highly alkaline, with eudialyte stable. 
pH in the metasomatic fluid can be shown to be related to the redox 
potential from the half-equation of the water/methane/carbon dioxide system. 
Low redox potentials were brought about in the metasomatic fluids by the 
crystallisation of magmatic Fe3+bearing  aegirine against the prevalent redox 
potential of the magma. Carbon and fluorine contents are related since they 
have similar fractionation paths in the magma and become concentrated 
together during magma evolution. The reasons for the interdependence 
between (pH, redox potential, a(SiOz)maa)  and (C-content, F-content) are 
unclear. 
13.9 Final comments 
This study has demonstrated that whole rock analyses of the Gardar 
rocks are usually reset to some degree by subsolidus fluid interaction. A 
traditional whole-rock study of the evolved compositions of the Gardar would 
be difficult to interpret due to the irregular distribution of altered and unaltered 
samples and the unpredictable chemical nature of the alteration processes. 
Alkaline rocks attract research attention far in excess of theft global 
distribution because of theft relevance to the more common avenues of 
225 
igneous petrology. Although alkaline rocks are characteristically more 
volatile-rich than other evolved compositions (e.g. granites, diorites), volatile 
phases are known to coexist with nearly all evolved rocks. It is unlikely that 
the autometasomatic processes, which can be shown to be of such importance 
in alkaline rocks, are negligible in other evolved compositions. As long ago as 
1952, Tuttle and Bowen proposed that the ragged outlines of alkali feldspars 
and quartz from caic-alkaline granites indicated large amounts of subsolidus 
re 'eqUilibration with fluid phases. Studies of microtextures of alkali feldspars 
(Parsons and Brown, 1984) have consistently indicated interaction with 
hydrous phases, so much so that turbidity in alkali feldspars is considered by 
many a diagnostic feature! Therefore, how much of the chemistry of other 
evolved igneous compositions has suffered reJqüilihration with deuteric 
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Sample locations and descriptions 
In this appendix, sample numbers, locations and a brief description is 
given. The source of the probe slide is indicated by the initials of the person 
by. whom the slide is kept. Sample localities for material collected in the 
course of the present study in the Igaliko complex (i.e. Early and Late 
Igdlerfigsalik, Motzfeldt and South Qôroq) are indicated in the 
accompanying location maps (Figures A-i, A-2 and A-3). Sample localities 
for the BlA Mñne Sø stock are given in Figure 3.1. 
Other localities are given by; Parsons (1979, 1981) for the Klokken 
stock; Stephenson and Upton (1982) and Macdonald et al. (1973) for samples 
from the Kñngnãt centre; Nunarsuit complex locations are given by 
Butterfield (1980); and Mingard (1990) for samples from the YGDC. Names 
of units refer to conventions used by these authors. Samples from Küngnât 
which are prefixed by UH or US refer to the collection of Ian Parsons, from 
whom sample locations are available. 
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Figure A- 1: Sample Location Map for the Igaliko Complex (Insets refer to 
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Figure A-2: Sample Location Map for samples from South Qoroq in and 
around the Igdlerfigsalik recrystallisation boundary (Stephenson, 
1976). 
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Figure A-3: Sample Location Map for the Narsãrsuk region of the Late 
Igdlerfigsalik centre. 
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Sample No. 	Unit 	Description 	 Source 
BLUE MOON 
BM1 Blue Moon Perthosite AAF 
BM2 Blue Moon Perthosite AAF 
DM3 Blue Moon Perthosite AAF 
BM4. Blue Moon Perthosite AAF 
BM5 Blue Moon Perthosite AAF 
DM6 Blue Moon Perthosite AAF 
BM7 Blue Moon Perthosite AAF 
DM8 Blue Moon Perthosite AAF 
BM9 Blue Moon Perthosite AAF 
BM9A Blue Moon Perthosite fl AAF 
DM10 Blue Moon Perthosite AAF 
DM11 Blue Moon Perthosite AAF 
DM12 Blue Moon Perthosite AAF 
BMI3 Blue Moon Perthosite AAF 
DM14 Blue Moon Perthosite AAF 
BMI5 Blue Moon Perthosite AAF 
DM16 Blue Moon Perthosite AAF 
BM17 Blue Moon Perthosite AAF 
BM18 Blue Moon Perthosite AAF 
BM19 Blue Moon Perthosite AAF 
BM20 Blue Moon Perthosite AAF 
BM20A Dyke Trachyte AAF 
BM21 JulianehAb Granite AAF 
BM22 JulianehAb Granite AAF 
EARLY IGDLERFIGSALIK 
43973 SB Nepheline syenite AAF 
43978 S12 Nepheline syenite AAF 
43988 512 Nepheline syenite AAF 
59690 511 Augite syenite AAF 
QT1 S12 Nepheilne syenite AAF 
QT2 S12 Nepheline syenite AAF 
QT4 SB Nepheline syenite AAF 






41923 SI5 Nepheline syenite AAF 
41944 516 Nepheline syenite BMW 
41976 S16 Nepheline syenite BMW 
41978 S16 Nepheline syenite BMW 
41984A 516 Nepheline syenite H AAF 
41984B 516 Nepheline syenite AAF 
41997 S16 Nepheline syenite EMW 
43867 AG Alkali gabbro AAF 
43960 517 Nepheline syenite AAF 
46232 516 Nepheline syenite BMW 
58188 S16 Nepheline syeniie BMW 
59860 517 Nepheline syenite AAF 
63813 514 Augite syenite AAF 
326391 SI4 Syenite H AAY 
ARM 4A 514 Augite syenite AAF 
ARM 48 514 Augite syenite AAF 
ARM 4C 514 Augite syenite AAF 
ARM 41) S14 Augite syenite AAF 
ARM 5A 515 Nepheline syenite AAF 
ABly! SB 515 Nepheline syenite AAF 
ARM SC S15 Nepheline syenite AAF 
ARM SD 515 Nepheline syenite AAF 
ARM 6A 516 Nepheline syenite AAF 
ARM 6B S16 Nepheline syenite AAF 
ARM 6C 516 Nepheline syenite AAF 
ARM 7A 517 Nepheline syenite AA.F 
ARM lB 517 Nepheline syenite AAF 
ARM 7C 517 Nepheline syenite AAF 
ARM SI4A 514 Augite syenite AAF 
ARM 5148 514 Augite syenite AAF 
ARM 515 515 Nepheline syenite AAF 
ARM 516 516 Nepheline syenite AAF 
HAR IA 514 Augite syenite AAF 
HAR lB 514 Augite syenite AAF 
lIAR IC 514 Augite syenite AAF 
LIAR ID S14 Augite syenite AAF 
HAR lB S14 Augite syenite AAF 
LIAR IF S14 Augite syenite AAY 
HAR 10 S14 Augite syenite AM 
lIAR 111 S14 Augite syenite AAF 
HAR II 514 Augite syenite AAF 
BAR 2A 514 Augite syenite AAF 
HAR 2B 514 Augite syenite AAF 
LIAR 2C 514 Augite syenite AAF 
MAR 2D 514 Augite syenite AAF 
LIAR 2F 514 Augite syenite AAF 
LIAR 20 514 Augite syenite AAF 
QT8 515 Nepheline syenite AAF 
QT9 S15 Nepheilne syenite AAF 
QTLO 517 Ne Syenite, contact with S15 AAF 
QTL 1 517 Nepheilne syenite AAF 
QT12 S17 Nepheline syenite AAF 
QT13 AG Larvikite AM 
QT14 S17 Nepheline syenite AAF 
QT15 517 Mafic nepheline syenite AAF 
KLOKKEN 
43729 Aplite Quartz syenite - JP 
140021 Granular Syenite IP 
140049 Laminated Syenite IP 
140081 Dyke Syenodiorite IP 
140130 Laminated Syenite IP 
140140 Granular Syenite IP 
140143 Granular Syenite IP 
140147 Granular Syenite IP 
140174 Granular Syenite IP 
140175 Granular Syenite IP 
140179 Granular Syenite IP 
140183 Granular Syenite II' 
140201 Laminated Syenite IP 
KS18 Laminated Syenite IP 
KS41 Laminated Syenite 	 / IP 
KS49 Laminated Syenite IP 
A-7 
KS61 	Laminated Syenite 	 IP 
KS66 Laminated Syethte IP 
KUNGNAT 
20640 Ring Dyke Gabbro / BGJU 
26135 EBO Syenite BGJU,IP 
26456 WLLS Syenite IP 
26466 WLLS Syenite IF 
27691 WULS Mafic Syenite BGJU 
27696 ELS Syenite IP 
81111 WLLS Astrophyllite/aegirine/zircon H BGJU 
81128 Sheet Microgranite BGJU 
81129 Ring Dyke Syenogabbro IF 
81134 WULS Syënite IF 
81143 EBG Syenite IP 
81145 EBG Syenite IF 
86180A Ring Dyke/Riebeckite Granite contact BGJU 
86186 Ring Dyke Olivine Gabbro H' 
86188 WLLS Syenite IF 
86193 WLLS Layered Syenite BGJU,IP 
86198 WLLS LASyenite II' 
86200 WLLS Laminated Syenite IF 
UHI/1 WLLS Layered Syenite EP 
UHI/2 WLLS Layered Syenite IP 
UH2 WLLS Layered Syenite if 
UH7/1 WLLS Layered Syenite EP 
U117/2 WLLS Layered Syenite if 
US 1/1 WLLS Layered Syenite if 
US 1/2 WLLS Layered Syenite IF 
US 1/3 WLLS Layered Syenite if 
MOTZFELDT 
54138 SM3 Nepheline syenite APJ 
54139 SM2 Porphyritic phonolite APJ 
54142 SM2 Nepheline syenite APi 
54157 SM3 Nepheline syenite APi 
58006 SM4 Xenolith AN 
58007B SM! Xenolith-Phonolite API 
58015 SM4 Xenolith AN 
58016B Raft in SM4 Xenolith AN 
58018 SM5 Xenolith-Trachyte AN 
58036 SM5* Alkali Gabbro API 
58037 SM? Larvikite AN 
58062 SM? Larvikite AN 
AM89A SM5 Nepheline syenite AN 
AM98 HY/SM4 Nephe!ine syenite AN 
AM1 10 SM5 Nepheline syenite AN 
AM 1!! SM5 Nepheline syenite AN 
AM! 18 HY/5M4 Nepheline syenite APJ 
AM 1! 9 l{Y/SM4 Nepheline syenite AN 
AM12I HY/SM4 Nepheline syenite AN 
AM122 HY/5M4 Nepheline syenite AN 
AM137 SM6 White Lujavrite AN 
AM 138 5M6 White Lujavrite AN 
AM159 5M6 White Lujavrite AN 
NUNARSUIT 
39469 Nunarsuit Syenite IP 
39488 Nunarsuit Syenite II' 
Al(U) Helene Granite IP 
A2 Helene Granite EP 
A7(0) Helene Granite lIP 
A8 Nunarsuit Syenite JP 
A9 Nunarsuit Syenite EP 
Al2(1) Nunarsuit Syenite IP 
A17 Nunarsuit Syenite lIP 
A19 Nunarsuit Syenite lIP 
AIlS Nunarsuit Syenite lIP 
A116 Nunarsuit Syenite EP 
A117 Helene Granite lIP 
A118 Helene Granite EP 
A120 Aegirine Granite EP 
A126 Kidlavat Granite EP 
A127 Nunarsuit Syenite ip 
A135 Nunarsuit Syenite IP 
A-9 
A- 10 
A138 Kidlavat Granite IP 
A139 Nunarsuit Syenite IP 
A147 Nunarsuit Syenite IP 
Ni Xenolith Biotite-rich metabasalt AAF 
NS13 NS Astrophyllite/aegirine/zirconfl AAF 
NSI4 NS Astrophyllite/aegiiine/zirconfl AAF 
EP3 NS Astrophyllite/aegirine/zircon H AAF 
EP5 NS Astrophyllite/aegirine/zircon H AAP 
NS Astrophyllite/aegirine/zircon H AAF 
EP1 1 NS Astrophyllite/aegirine/zircon H AAF 
EP24 NS Astrophyllite/aegirine/zircon H AAF 
EP26 NS Astrophyllite/aegirine/zircon H AAF 
SOUTH QOROQ 
46243 SS5 Foyaite DS 
46244 SS5 Foyaite DS 
46269 SS3 Foyaite DS 
58130 Dyke Essexite DS 
58150 SS4A Augite syenite DS 
58154 SS5 Recrystalilsed Foyaite DS 
58158 SS5 Recrystallised Foyaite AAF 
58160 SS5 Recrystallised Foytte AAF 
58164 SS4B Recrystallised Foyaite AAF 
58 165 SS413 Recrystallised Foyaite AAF 
58169 SS4A Recrystallised Foyaite AAF 
58194 SS3 Reci-ystallised Nepheline syenite AAF 
58202 SS2 Nepheline syenite AAF 
58220 SS4B Nepheline syenite AAF 
58221 SS4B Nepheline syenite DS 
58228 SS4A Augite syenite DS 
58229 SS3 Foyaite DS 
58230A SS5 Foyaite DS 
58230 SS5 Foyaite DS 
58231 SS2 Foyaite DS 
58236 SS3 Foyaite DS 
58237 SS2 Népheline syenite AAF 
58258A SS4A Marginal AAF 
58328 SS4A Recrystallised Nepheline syenite AAF 
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58333 SS4B Nepheline syenite AAF 
58334 SS5 Nepheline syenite AAF 
59663A 553 Eucolite Pegmatite DS 
59663B 553 Eucolite Pegmatite DS 
59667 555 Recrystallised Nepheline syenite AAF 
59672 SS4B Mac band DS 
59676 SS4A Augite.syenite DS 
59726 SS2 Recrystallised Nepheline syenite AAF 
126811 552 Marginal Foyaite DS 
127015 553 Foyaite DS 
127021 SS2 Foyaite DS 
127025 SS4A Augite syenite DS 
127027 SS4A? Micmsyenite DS 
127038 553 Foyaite DS 
127071A SS2 Pegmatite DS 
127071B 552 Pegmatite DS 
127075 552 Foyaite DS 
YGDC 
30659 Tugtutôq Apatite gabbro BCJJU 
40548 Assorutit Syenogabbro SM 
40549 Assorutit Syenite SM 
40551 Krydssø Syenogabbro SM 
50218 Assorutit Syenite with mthc schlieren SM 
81152 Narsaq Coarse gabbro BOJU 
186222 Tugtutôq Syenogabbro BOJU 
186227 Krydssø Syenite SM 
YOC 36 D Picrite and Troctolite SM 
Y0078 B Chill SM 
YCJC 80 B Troctolite SM 
YGC123 F Chill SM 
YCIC 138 Marrait Troctolite SM 
YGC 158 Manait 01-mt-ilm-ap cumulate SM 
YGC 170 Assorutit Vein SM 
YGC 229 D Chill SM 
YGC-289 D inclusion SM 
YOC 293 D Troctolite SM 
YOC 306 D Picrite SM 
A-12 
YGC312 F Picrite SM 
YGC 362 Kiydssø Syenogabbro I Syenite SM 
YOC 364 Kiydssø Chill SM 
YOC 365 Kiydssø Troctolite SM 
YOC 381 Narsaq Olivine-magnetite cumulate SM 
YOC 423 Assorutit Troctolite SM 
YGC 426 Assorutit Troctolite SM 


























Jon-probe Analysis Technique 
During the course of the present study, the Edinburgh University Ion-
microprobe was used to determine trace element levels in feldspars, pyroxenes 
and amphiboles. The details of these studies are presented below. 
Edinburgh University has a Cameca ims-4f ion microprobe, which was 
used in the present study. The sample is bombarded by a source of 15 key o 
primary ions, and secondary positive ion intensities are measured using a mass 
spectrometer. Measurements were made at approximately 8000 mass 
resolution without energy filtering, and molecular interferences were fully 
resolved. 
In feldspars, Ga+ ion intensities were measured divided by 30Si ion 
counts, and the resultant ratio was used to estimate the absolute Ga 
concentration. Ion yields were assumed to be the same as those in NBS 610 
glass standard (500 ppm Ga). In pyroxenes and amphiboles, mass spectra of 
rims and cores demonstrated that Y, Zr, Ba, La, Ce,Pr, Nd, Sm, Eu and Hf 
were significantly enriched in the rims with respect to the cores, and that Nb 
was completely absent in both. Counts of 89y+ 90Zrt 138Bat 139i+, 
140Cet 141Pr+, 144Nd+, 147sm+ 149Smt Eut 153Eu+, 7llf1 and 
17811f+ were collected with respect to counts of 285i+  to determine the 
absolute concentrations of these elements. Default ion yields were used, and 
final concentrations were obtained using software developed at Edinburgh 










Ce 140 0.443 
Pr 141 0.492 
Nd144 0.504 
Sm147 0.519 
Eu 153 0.540 
Hft77 0.203 
Table 8-1: Default Ion Yield values with respect to counts of Si 28 
El 
Appendix C 
Electron-probe Analysis technique and Errors 
C.I Analysis technique: Introduction 
Electron-probe analysis is the key analysis technique used in the study 
of biotite compositions (Chapters 8 and 9), and has also been used in the 
examination of apatites, pyroxenes and other minerals throughout the thesis. 
The details of machines, analysis technique and errors are given below. 
Analyses were carried out on one of four electron probe machines, 
depending on the date of the analysis and the minerals being analysed. At the 
beginning of the project, electron probes at Aberdeen University were 
employed, but these were superseded by machines at Edinburgh University in 
the second year of research. The vast majority of the data collected derive 
from the Edinburgh machines. 
C.2 Electron-probes at Aberdeen 
Two electron-probes were used at Aberdeen university, the Cambridge 
Mk(v) Geoscan instrument, with a LINK Analytical computer attachment and 
software, and the Cambridge Mk(v) Microscan machine. 
The Geoscan machine performed onlynT\Dispersiye (EDS) 
Analyses, and hence data for fluorine (a light element) could not be obtained 
on this instrument. The EDS analysis had a livetime of 100 s, much less than 
on any of the other electron probes. The short analysis time for this instrument 
meant that analyses of minerals which volatilised significantly under the 
electron beam were carried out in the shortest time possible. Therefore, 
although the precision of EDS analyses is less, the accuracy is greater since 
the mineral does not have as much time to volatilise. Hence EDS data for 
calcite and fluorite (as CaO only) from this machine are preferred. 
Cl 
Data for minerals containing fluorine were obtained using the 
Cambridge Microscan Mk(v) instrument, which carried out analyses using the 
wavelength dispersive technique (WDS). Raw counts were collected as four 
10 s counting intervals, and weight percent oxides were calculated from these 
by hand. Because of this lack of automation, data accumulation using this 
instrument was painfully slow. To speed up the rate of data collection, one full 
analysis on a given mineral was carried out to calculate the appropriate ZAP 
correction factors, and these were then applied to subsequent partial analyses 
for elements of interest only. Partial analyses for F, Fe and Mg in this manner 
were carried out on biotite analyses for the Klokken intrusion. An examination 
of biOtite data carried out on the Edinburgh and Aberdeen Microscan 
instruments did not show any significant differences. 
C.3 Electron-probes at Edinburgh 
The Department of Geology at Edinburgh University has two electron 
probes, both of which are fully automated. 
The Cambridge Microscan Mk(v) machine is a two spectrometer WDS 
instrument. The computer package WDS 135 (written by Peter Hill, Edinburgh 
University) collects four sets of counts of 10 s interval, and carries out ZAP 
corrections to provide final analyses for all elements. The electron beam is 
operated with an acceleration voltage of 20 kV, and a current of 30 pA. The 
probe was operated with a quartz crystal in the left-hand spectrometer, 
collecting counts from peaks of the elements K, Ca, Ti, Mn and Fe, and the 
right-hand spectrometer was operated with a rubidium acid phthallate (RAP) 
crystal and analysed for F, Na, Mg, Al and Si. In addition to quantitative WDS 
analysis, qualitative EDS analysis could be carried out on this machine using a 
LThJI( AN X-10000 energy dispersive detector. EDS spectra were obtained 
synchronous to quantitative WDS analyses, and these spectra were examined 
to check for the presence of unanalysed elements. 
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The Cameca Camebax instrument is a four spectrometer electron 
probe, which has, in addition to other features, an automated stage. This 
allowed step analyses along traverse line to be carried out. Raw counts were 
collected in four 30 s count intervals, and converted to weight percentages by 
the Cameca software packages ONCAQT and AUCAQT. The accelerating voltage 
was again 20 kV, but the beam current was 30 IsA for non-volatilising 
minerals (e.g. pyroxenes), and 15 I.LA for minerals which did undergo mass 
loss (some apatites, sodalite). 
The vast majority of the analyses given in this thesis are from the 
Edinburgh University machines. The exceptions to this are biotite data from 
the Klokken intrusion ,(Aberdeen Microscan), and calcite and fluorite data 
from the Late Igdlerfigsalik units (Aberdeen Geoscan). 
C.4 Analytical errors in biotlie analyses 
Since a large part of the present study relies on the electron probe 
analysis of biotites (e.g Chapters 8 and 9), a special study has been undertaken 
to estimate the errors in precision associated with this technique. Since no 
significant differences have been observed between analyses on the Aberdeen 
and Edinburgh Microscan instruments, they are considered to give equivalent 
errors for the purposes of this study. 
Errors from biotite analyses were calculated on the Edinburgh 
Microscan from repeated analyses of the same point in three samples, QTI 1 
(0.1 % F), QT4 (0.45 % F) and HAR IF (1.0 % F). Thee full analyses were 
carried out on the same point, and then forty separate 10 s counting intervals 
were taken on the peak positions for the elements F, Fe and Mg. After this, 
three further full analyses were carried out. A plot of the raw counts versus 
time for the forty counting intervals (Figure Cl) shows that there is no 
significant decay in count rate against time, demonstrating that the biotite is 






















0 	 40 
Count Number 
Count Number 
Count Number AdM. Finch 1990 
































.1 	 1 	 10 	 100 
2sigmal% Adrian Finch 1990 
Figure C.2: Final error graphs for biotite analyses. 
Top: errors for counts versus 2 sigma values. 
Middle: the same data plotted as oxides. 
Bottom: The same data plotted as elements. 
linear regression line). Assuming a normal distribution of errors about the 
mean count, values of standard deviation (in counts) for each of the three 
elements for each of the three samples could be calculated. This was done by 
taking the average of each batch of four analyses, and then calculating the 
standard deviations (a) and mean (x) of these averages. A log-log plot of 
mean counts versus 2 standard deviations (Figure C-2) shows that the two 
values can be considered to vary dependently according to the logarithmic 
function:- 
i= 10671 (2(y) 82 
To a first order approximation, ignoring the uncertainties brought in by 
ZAP corrections, a plot can be made of 2a versus weight percent oxide or 
element for the nine points. Although this assumption does introduce 
significant variation, significant correlation still exists in the data, and 
logarithmic regression lines may be drawn through the points :- 
i = 13.2 (2a) - L06 
for oxides 
i =91 (2(y)-L07 
for elements 
These can be rearranged to give the functions:- 
2a = (j713 .2)M.943 
for oxides 
2a = (1/9.2)-935 
for elements 
Since fluorine is normally considered as fluoride (i.e. F not F 20), 
fluorine errors are best read from the bottom graph, whereas errors for MgO 
and FeO can be derived from the middle graph. These functions have been 
used to calculate the errors in the biotite graphs used throughout the thesis. 
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Appendix D 
Oxygen Isotopic Analysis Technique 
D.1 Introduction 
Stable isotopic analyses on feldspar separates from some (Jardar 
samples has been carried out as part of the present study. These experiments 
were carried out at the Scottish Universities Research and Reactor Centre 
(SURRC) at East Kilbride under the supervision of Tony Fallick. The isotope 
lines used were the F12 and F6 lines, and practical advice with the operation 
of the line was given by Julie (Jerc and Angela MacDonald. 
D.2 Chemical reaction 
Approximately 10 mg of feldspar powder was placed in the bottom of 
a solid nickel reaction vessel. This powder was reacted with a small amount of 
chlorine trifluoride oxidising reagent at 200°C to drive off any moisture, and 
evolved gases were pumped away from the vessel. Further chlorine trifluoride 
was added to the sample chamber, and heated at 670°C for 12 hours, 
whereupon all the feldspar reacted to form oxygen gas plus other halides (KF, 
NaP, AI173 residue, SiP4 gas), halogens (F2) and interhalogen compounds (e.g. 
CIF). The chambers were opened and the evolved gases were passed through a 
liquid nitrogen cooled trap to remove CIF, SiP4 and unreacted CIF 3 reagent. 
The gases, were then passed over solid KEr, which removed F2 as KF and 
evolved Br2. This bromine gas was removed by cooling with liquid nitrogen. 
The resultant gas was considered to be pure 02.  This oxygen gas was then 
reacted to completion with a red-hot carbon rod, producing CO2, which was 
frozen out of the reaction chamber with liquid nitrogen. Uncondensible gases 
were then pumped away, and the CO2 gas was allowed to sublime once the 
vacuum line had been closed off. The yield of CO2 was compared 
barometrically 'with an expected yield to give an estimate of the efficiency of 
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the reaction. This CO2 was then collected in a sealed evacuated sample tube, 
and pasied through a mass spectrometer to determine the ratio of CO2 to 
Cl 802. 
D.3 Errors 
Errors in this analysis technique were a constant problem. An internal 
standard (Sample BM4, BlA MAne Sø perthosite unit) gave values ranging 
from 3.6 %o to 6.8 %o, and many repeat samples gave significantly different 
values. Although some bad results could be related to poor theoretical yields, 
and hence justifiably discarded, others appeared from analyses which would 
normally have been considered good. The technique is believed to have a 
reproducibility of ±0.2 %o (A.E. Fathck, pers. comm., 1990), but results for 
this study were unable to justify such optimism. This has been a problem 
experienced by other workers (F.D.L. Walker, S.M. Mingard and H. 
Nicholson, pers.. comm., 1990). Because of these problems, the present study 




Calculation of Genthelvite site allocations 
From the formula of genthelvite, (Zn,Mn,Fe,A1/J) 4(Be,Si)3Si3O 12S 
where C] represents a vacancy, site allocations in genthelvites may be 
calculated assuming that Si and Al substituting for either Be or Zn are charge-
balanced by vacancies in the Zn-site. 
Be2+4Zn2+=Si4+ + (0) 
3 Zn2 =2 A13 + (0) 
Al is assumed to substitute for Zn, and negligible substitution takes 
place of Al for Be. This is suggested by the linear relationship expressed in 
Figure 11.1. The expression:- 
4 [Si] -3 ([Zn]+[MnJi-[Fe]) - 3/2 [Al] 
7 
represents the proportion of total Si which substitutes for Be, 
where e.g. [Si] represents the wt.% of 5i02 divided by its relative molecular 
mass. [Si] minus the expression above is therefore equivalent to 3 oxygen in 
the formula, and hence the factor by which [element] needs to be multiplied to 
give the number of atoms in the site allocations is this expression divided by 




Cathodolurninescence has been an important tool in the present study, 
and is discussed in Chapters 5,6,10 and 11. The present study has employed 
two cathodoluminescence set-ups, one at Aberdeen University, used in the 
first year of the project, and the second at Edinburgh University. These 
machines are described below. 
At Aberdeen University, a Technocyn 8200 Mk(ii) cold cathode 
luminoscope was used, which was operated at constant voltage (15 kV), but 
with the current controlled by the state of the vacuum (75 to 120 mTon). 
Optimum conditions were at 800 hA  beam current. No heating of the stage 
was used. 
At Edinburgh, a Nuclide ELM2BX cold cathode luminoscope was 
used. The accelerating current was kept constant at 800 I.tA,  and voltage was 
varied depending on the state of the vacuum. Optimum conditions were 14 kV 
potential, 800 pA beam current and approximately 80 mTorr vacuum. 
In both cases detailed observation of the samples was carried out by 
mounting the vacuum chamber on a microscope stage, and viewing the sample 
through a x4 objective lens. Observations based on a more general overview 
of samples (e.g. estimation of feldspar luminescence indices, see Chapter 3) 
were carried out by viewing the whole sample with a defocussed beam with 
the naked eye through the chamber window. 
Photographs were taken using fast Kodak ELCFAR 1000 ASA film for 
most samples, but occasionally, Kodak GOLD 400 ASA film was used instead. 
Short exposure times were necessary for minerals (e.g. fluorite) which faded 
under the CL beam. Exposure times were calculated automatically by the 
equipment, and varied from few tenths of a second to 5 minutes. Colour 
reproducibility was a problem. 
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Appendix G 
Source Programs for Crystal Structure Diagrams 
Crystal structure diagrams used in this thesis were generated using the 
computer pacl(age STRUPLO at the Department of Chemistry, University of 
Aberdeen. STRUPLO is a FORTRAN-based computer package written by 
Reinhard Fischer of the University of Mainz, West Germany, and 
implemented on the Aberdeen University Mainframe system CP6. 
STRUPLO requires an input file detailing atomic coordinates, unit cell 
dimensions and symmetry elements for each structure, and these input files are 
listed below. The assistance of Jim Fletcher and Karen Cruickshank (Dept. of 
Chemistry, Aberdeen University) with the operation of STRIJPLO is 
gratefully acknowledged. 
CATAPLEITE 
Data alter llyushin et aL (1981a), R = 0.033 
PARA 1 1011 113.0 
CELL 23.917 20.148 7.432 9090 147.46 
SPOR B 
SYMM -X,-Y,-Z; -X,1/2-Y,Z; x,uz+,-z 
FORM 3 
XYZR -0.1 2.0 -0.2 0.36 -0.13.0 -0.12.0 -0.2 0.36 -0.13.0 
TETR 109.461.60.1 
OCFA 9082.07 0.09 
ROTA 9000 
END 
ZR 1 0.0000,0.0000,0.0000 
ZR 2 0.0000,0.2500,0.0074 
S11 0.0976,0.2221,0.2996 
S12 0.0995,0.2252,0.7077 
513 0.1972,0.5723,0.9985 e 	X 1 0.3661,0.9233,0.4912 
X 2 0.3666,0.0586,0.5100 
X 3 0.0493,0.1747,0.5045 
X 4 0.0711.0.1285,0.8027 
X 5 0.0641,0.2558,0.8058 
X 6 0.2265,0.3544,0.6779 
X 7 0.0620,0.1203,0.2020 
X 8 0.0690,0.2625,0.2062 
X 9 0.2239,0.3455,0.3262 
G-1 
CHKALOVITE 
Data after Pyatenko et al. (1956), R = 0.3 
PARA 10111013.0 
CELL 21.129 6.88121.188 90 90 90 
SPGR F 
SYMM -X-Y,Z; 1/4-X,1/4+Y,1/4+Z; 1/4+X,1/4-Y,1/4+Z 
FORM 3 
XYZR -0.1 1.1 -0.5 1.5 -0.11.1 -0.1 1.1-0.515-0.11.1 
ROTA 9000 
'FETR 109.415 1.63 0.15 
END 




BE 1 	0.1658,0.0180,0.8259 
BE 2 0.0000,0.0000,0.3649 
X 1 	0.0143,0.1886,0.7076 
X 2 0.1111,0.0852,0.1154 
X 3 	0.1890,0.2014,0.2038 
X 4 0.1509,0.2050,0.4816 
X 5 	0.2226,0.0697,0.5728 
X 6 0.1883,0.1997,0.8703 
X 7 	0.1167,0.0843,0.7713 
X 8 0.0179,0.1883,0.0406 
X 9 	0.0546,0.0808,0.4128 
ELPLIMTE 
Data after Cannillo et al. (1973), R = 0.07 
PARA 11111113.0 
CELL 7.14 14.68 14.65 90 90 90 
SPOR P 
SYMM -X,-Y,112+Z; X,1/2-Y,-Z;.-X,1/2+Y,1/2-Z; -X,-Y,-Z 
SYMM X,Y,1/2-Z; -X,1J2+Y,Z; X,1/2-Y,1/2+Z 
FORM 3 
ROTA 0090 
XYZR -1.0 3.0 -1.0 1.0 -0.10.6 -1.0 3.0 -1.0 1.0 -0.10.6 
TETR 109 6 1.66 0.15 
OCFA 90 5 2.08 0.05 
END 
ZR 1 0.4950,0.2500,0.5000 
SI 1 	0.7720,0.3854,0.6462 
S12 0.5086,0.0476,0.6413 
513 	0.2170,0.3928,0.6435 
X 1 0.9966,0.4047,0.6392 
X 2 	0.7156,0.3538,0.7500 
X 3 0.7077,0.3099,0.5772 
X 4 	0.6781,0.4825,0.6277 
X 5 0.5285,0.0713,0.7500 
X 6 	0.4904,0.1405,0.5886 
X 7 0.3029,0.4888,0.6119 
X 8 	0.2881,0.3770,0.7500 
X 9 0.2928,0.3097,0.5823 
G-2 
EUDIALYTE 
Data after Giuseppetti et al. (1971), R = 0.075 
PARA 1.1011113.0 
CELL 14.244 14.244 30.08 9090 120 
SPGR R 
SYMM -Y,X-Y,Z; Y-X-X,Z; -1'(-Y,-Z; Y,Y-X,-Z 
SYMM X-Y,X,-Z, -Y,-X,.Z , X,X-Y,Z, Y-X,Y,Z 
SYMM Y,X,-Z; -X,Y-X,-Z; X-Y,-Y,-Z 
FORM 3 
XYZR -0.5 2.0 -1.0 2.0 0.8 1.1 -05 2.0 -1.0 2.0 0.8 1.1 
TETR 109.4 8 1.61 0.05 
0C7A 90 8 2.07 0.05 
END 
ZR 1 0.0000,0.5000,0.0000 




X 1 0.3660,0.2874,0.1223 
X 2 	0.4350,0.3671,0.0418 
X 3 0.2310,0.2823,0.0609 
X 4 	0.8425,0.1575,0.0530 
X 5 0.0599,0.9401,0.0963 
X 6 	0.1531,0.8469,0.1404 
X 7 0.2719,0.7281,0.0896 
X 8 	0.4480,0.5520,0.1217 
X 9 0.4265,0.5735,0.0338 
5-Fold 742) in the centres of the nine-fold silicate rings has been drawn in by hand. 
HELAIRITE 
Data afterllyusbin et al. (1981b), R = 0.031 
PARA 10011113.0 
CELL 10.556 10.556 15.885 90 90 120 
SPGRR 
SYMM -Y,X-Y,Z; Y-X,-X,Z; Y,X,-Z; -X,Y-X,-Z X-Y,-Y,-Z 
FORM 3 
XYZR -1.51.0-1.51.00.3 1.0-1.5 1.0-1.5 1.0 0.3 1.0 
TETR 109.48 1.6 0.05 
OCTA 90 8 2.08 0.05 
END 
ZR 1 0.0000,0.0000,0.0000 - 
ZR 2 0.0000,0.0000,0.5000 
S11 	0.4174,0.4128,0.2486 
X 1 0.0921,0.1846,0.0768 
X 2 	0.0989,0.1902,0.5720 
X 3 0.6539,0.0000,0.0000 
X 4 	0.6434,0.0000,0.5000 
G-3 
LOVOZERITE 
Data after Ilyukhin and Belov (1960), R values not quoted 
PARA 10011012.75 





XYZR 0.01.00.51.50.01.0 0.0 1.0 0.5 1.5 0.0 1.0 
TETR 109.418 1.65 0.35 
OCFA 90 8 2.0 0.35 
END 




X 1 0.188,0.020,0.893 
X 2 	0.230.0.495.0.530 
X 3 0.371,0.135,0.740 
X 4 	0.375,0.870,0.780 
X 5 0.628,0.170,0.754 
X 6 	0.610,0.840,0.813 
X 7 0.500,0.275,0300 
X 8 	0.500,0.745,0.500 
X 9 0.040,0.855,0.176 
X 10 0.066,0.135,0.196 
NAUJAKASITE 
Data alter Basso etal. (1976), R = 0.027 
PARA 11111113.0 
CELL 15.025 7.99110.48690113.6790 
SPGRC 
SYMM X,-Y,Z; -X,Y,-Z; -X,-Y,-Z 
FORM 3 
XYZR -0.1 2.0 -0.12.0 -0.10.6 -0.12.0 -0.12.0 -0.10.6 
TETR 1095 1.60.1 
END 




X 1 	0.1010,0.1789,0.0102 
X 2 0.2681,0.2937,0.2103 
X 3 	0.1070,0.3120,0.2509 
X 4 0.1318,03000,0.0647 	 - 
X 5 	0.1393,0.1973,0.5071 
X 6 0.0360,0.0000,0.2759 
X 7 	0.0445,0.2932,0.6771 
X 8 0.1769,0.5000,0.6338 
G-4 
NEPHELINE 
Data after Hahn and Buerger (1955), R = 0.191 
PARA 10111013.5 
CELL 12.59 12.59 5.117 90 90 120 
SPGRP 
SYMM -Y,X-Y,Z; Y-X,-X,Z; -X-Y,112+Z; Y,Y-X,1/2+Z; X-Y,X,1/2+Z 
FORM 3 
XYZR -1.0 1.0 -1.0 1.0 -0.10.8-1.01.0-1.0 1.0-0.10.8 
TETR 109.5 6 1.665 0.1 
a 
NA 1 0.6667,0.3333,0.1339 
NA 2 0.1232,0.2490,0.2959 
X 1 	0.2027,0.4043,0.6574 
X 2 0.1131,0.5635,0.7281 
X 3 	0.0295,0.3487,0.0610 
X 4 0.3131,0.3566,0.0439 
SI 1 	0.3277,0.4125,0.7500 
S12 0.0752,0.4125,0.7510 
SODALITE 
Data after Ilins and Schulz (1967), R = 0.082 
PARA 10111014.0 
CELL 8.870 8.870 8.870 90 90 90 
SPGRP 
SYMM Z,X,Y; YZX, -X,Y,-Z; -7,X,-Y; -Y,Z,-X; X,-Y,-Z 	 p 
SYMM Z,-X,-Y; Y,-Z,-X; -X,-Y,Z; -Z, -X, Y; -Y,-Z,X 
SYMM 112+X,1/2+7,112+Y; 1/2+Y,I/2+X,1/2+Z; 1/2+7,1/2.s-Y,1/2+x 
SIMM 112+X,1/2-Z,112-Y; 1/2+Y,112-X,1f2-Z; 112+7,1/2-Y,112-X 
SYMM 1)2-X,1/2+Z,1/2-Y; 112-Y,1f2+X,1/2-Z; 1f2-4112+Y,1f2-x 
SYMM 112-x,1c2-7,112+y; 112-Y,1/2-X,112+Z; 1f2-7,1/2-Y,1/2-s-X 
FORM 3 
XYZR -0.5 1.5 -0.5 1.5 -03 1.5 -03 1.5 -0.5 1.5 -0.5 1.5 
ThTR 109.47 1.67 0.1 
END 
S11 	0.2500,0.0000,0.5000 
AL 1 0.2500,0.5000,0.0000 




Data after Metcalf-JohaSn and Hazel (1976), R = 0.040 
PAR.A 1 1111 112.5 
CELL 20.698 7.442 12.037 90 117.28 90 
SPGR C 
SYMM -X,-Y,-Z; -x,Y,1f2-z; X,-Y,1/2+Z 
FORM 3 
XYZR -0.1 1.0-1.02.0-0.1 1.0-0.1 1.0-1.02.0-0.1 1.0 
ROTA 03090 
TETR 109.418 1.6 0.15 
OCTA 9082.070.09 
END 
SN 1 	0.2500,0.2500,0.5000 
X 1 0.0438,0.4752,0.6880 
X 2 	0.1830,0.0485,0.4960 
X 3 0.3005,0.2284,0.6912 
X 4 	0.0412,0.0406,0.8687 
X 5 0.0836,0.2399,0.5257 
X 6 	0.3145,0.0532,0.4846 
X 7 0.1829,0.2644,0.8510 
X 8 	0.4452,0.2586,0.7606 
X 9 0.3957,0.0596,0.8840 




BE 1 0.5000,0.1014,0.7500 
BE 2 0.5000,0.4154,0.7500 
TUCTUPITE 
Data after DanØ (1966), R = 0.089 
PARA 10111013.0 
CELL 8.583 8.583 8.817 90 90 90 
SPORI 
SYMM -X,-Y,Z; Y,-X,-Z; -Y,X,-Z 
FORM 3 
XYZR -0.1 2.0-0.1 2.0-0.1 2.0-0.1 2.0-0.1 2.0-0.1 2.0 
TETR 109.4 12 1.65 0.15 
END 
X 1 	0.1471,0.1332,0.4431 
X 2 0.3467,0.0362,0.6512 
X 3 	0.4261,0.1506,0.1347 
511 0.0134,0.2535,0.4956 
BE 1 	0.0000,0.5000,0.2500 
AL 1 0.0000,0.5000,0.75(0 
G-6 
